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PREFACE. 


This  work  is  divided  into  three  parts.  The  first  relates  to  those 
branches  of  t^e  operations  of  eugineering  which  depend  on 
geometrical  priaciples  alone,  that  is  to  say,  Surveyino,  LEVELLiNOy 
and  the  Seiting-oxjt  of  works,  comprehended  under  the  genera] 
name  of  ENGisnEEanro  Geodiby,  or  Field- Work.  The  second  part 
relates  to  the  properties  of  the  Materials  used  in  engineering  works, 
^cb  as  earth,  stone,  timber,  and  iron;  and  the  art  of  forming  them 
into  Structures  of  different  kinds,  such  as  excavations,  embank- 
ments, bridge,  &c  The  third  part,  under  the  head  of  Combined 
Structures,  sets  forth  the  principles  according  to  which  the 
structures  described  in  the  second  part  are  combined  into  extensive 
works  of  engineering,  such  as  Koads,  Eailwajs,  Kiver  Improve- 
ments, Water- Works,  Canals,  Sea  Defences,  Harbours,  dec. 

The  first  chapter  of  the  second  part,  entitled  a  Summary  of  the 
PrincipUs  ofStabUily  and  Strength,  forms  not  so  much  an  integral 
part  of  the  book,  as  a  collection  of  mechanical  principles  and 
formuke,  introduced  for  the  sake  of  being  conveniently  referred  to 
in  the  subsequent  chapters,  so  as  to  prevent  their  being  encumbered 
with  mathematical  investigations  to  a  greater  extent  than  is 
absolutely  necessary. 

The  third  part,  so  far  as  the  details  of  the  designing  and  execution 
of  works  are  concerned,  consists,  to  a  great  extent,  of  references  to 
the  first  and  second  parts,  its  special  object  being  to  explain  those 
principles  which  are  peculiar  to  each  class  of  great  works  of 
engineering,  and  which  regulate  the  general  plan  of  such  works. 


VI  PREFACE. 

The  tables  of  the  strength  of  materials  at  the  end  of  the  volume 
give,  as  regards  iron  and  stone,  average  and  extreme  results  only. 
Detailed  information  as  to  the  strength  of  different  kinds  of  stone 
and  iron  is  given  in  the  course  of  the  text,  under  the  proper 
headings. 

I  have,  throughout  the  book,  adhered  to  a  systematic  arrange- 
ment as  far  as  was  practicable,  and  have  only  departed  from  it  in  a 
few  instances,  when  it  became  necessary  to  introduce  questions  that 
had  arisen,  or  facts  that  had  been  ascertained,  after  the  completion 
of  the  part  of  the  work  to  which  they  properly  belonged  la 
drawing  up  the  table  of  contents  and  the  alphabetical  index  care 
has  been  taken  to  show  where  such  detached  pieces  of  information 

are  to  be  found. 

W.  J.  M.  R 

Qlasoow  Collbqe,  6th  Jcamary^  1862. 


This  Second  Edition  contains  some  corrections,  and  some  addi- 
tions rendered  necessary  by  the  progress  of  Civil  Engineering  since 
the  First  Edition  was  printed. 

W.  J.  M.  R 

Glasgow  Collbob,  Z)m.,  186t. 
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ADDENDA. 


^  Vi^  47,  at  the  end  of  the  note,  inaert^^  In  mrvfifs  of  newlj  settled  districts,  where 
k  is  impracticable  to  obtain  a  base  by  direct  measurement  with  sufficient  precision,  a 
base  mjiy  be  measured  with  accuracy  sufficient  for  ordinary  purposes  in  the  following 
Banner: — Choose,  as  ends  of  the  base,  two  elevated  stations  wnich  can  be  seen  from  each 
ed^r.  as  nearly  as  possible  in  the  sime  ineridinn,  and,  if  possible,  50  or  60  miles  asunder; 
find  tbctr  latitudes  (as  explained  in  Article  86  c,  fi.  129);  also  find  the  true  meridian, 
md  the  azimuth  of  the  base,  from  the  mean  of  observations  made  at  each  of  the  stations 
(as  ex{/LiiDed  in  Article  42,  p.  71);  compute,  by  equation  1  of  this  note,  the  length  m  of 
a  minute  of  the  meridian  corresponding  to  the  mettn  latitude;  then  length  ofbcue  nearly 
s  as  X  di^eienoe  of  latitude  in  minutes  x  secant  of  aaumuth.'' 


oniioatei  represent  bending  mootents. 
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ADDEND  k.—corUiwued. 


To  Article  857,  p.  609. — ^M^^  results  of  experiments  by  W.  H.  Barlow,    Ksri., 
F.R.S. : —  Modnliis  of 

ThTinrftv  ^">°^  Strenjfth,  Elasticity 

TK.  ««♦>,'«     Transyerscly  Loaded,     under  Trans- 

Square  Inch. 

Puddled  steel,  specimen  I^  .    .    .  95,233  

„  specimen  II.,  .    .    .  116,339  62,500  22,964,000 

Cast  in  ingots,       "     (•••••  101,758  

Puddled  steel,  specimen  III.,     .    .            60,000  20,544,000 

„           specimen  IV.,     .    .            63,750  '24,802,000 

„          specimen  v.,  .    .    .            52,.'i00  22,846,400 

Homogeneous  metal, 100,994  57,500  23,833,600 

Steely  iron, 69,456  52,500  22,846,400 

Weight  of  a  cubic  foot  of  puddled  steel,  485-5  lbs. ;  of  steely  iron,  483-6  lbs. 
(See  the  Engineer  of  dd  January,  1862.) 

To  Article  357,  p.  509.  Strengtli  •€  C*1d4olled  Irvn.— The  following  results 
have  lately  been  obtained  in  some  experiments  by  Mr.  Fairbaim  on  the  tenacity  of  iron. 
(S^e  Manchester  TroMuactiontt  10th  December,  1861.) 

Tenacity.  Ultimate 

Lba  per  Square  Indi.      Extentlon. 

Black  bar, 58,627  -200 

Same  bar  iron,  turned, 60,747  '220 

Same  bar  iron,  cold-rolled, 88,229  -079 

Cold-rolled  plate, 114,912 

To  Article  357,  p.  509. — Mean  results  of  experiments  by  M.  Tresca,  on  bars  cut  out 
of  cast  steel  boiler  plates:— 

Tenacity,  Iba    limit  of  Elasticity,  Modulus  of 

on  the  lbs.  on  the  Elasticity,  lbs  on 

Square  Inch.        Square  Inch.         the  Square  Inch. 

Hard  steel,  untempeied,  .    .    .      74,300  36,000  29,500,000 

„        „     tempered,.    .    .    :  103,000?  71,900?  27,300,000 

Soft  steel,    untempered,  .    .    .      81,700  84,100  24,500,000 

„        „     tempered,  ....  121,700  105,800  28,300,000 

The  column  headed  "limit  of  elasticity"  gives  the  tension  np  to  which  the  elongation 
was  sensibly  proportional  to  the  load.  The  results  marked  (?)  are  doubtiiil,  because  of 
discrepancleji  amongst  the  experiments  of  which  they  are  the  means. 

As  to  the  tenacity  of  wrought  iron  and  steel. generally,  see  Mr.  David  Kirkaldy's  work 
on  that  subject.    (Glasgow,  1862.) 

To  Article  430,  Div.  IV.,  p.  639;  AHicle  431,  p.  641;  Article  433,  p.  645;  and 
Article  434,  p.  649. — In  some  locomotive  engines  lately  made,  the  load  on  each  of  the 
driving  wheels  is  as  much  as  seven  tons. 

Engines  for  drawing  heavy  loads  up  steep  inclinations  are  sometimes  made  with  ten 
or  even  twelve  small  wheels,  8  or  3^  feet  in  diameter,  and  all  coupled  so  as  to  act  as 
driving  wheels.  The  lower  carriage  is  jointed,  so  as  to  enable  it  to  pass  easily  round 
curves ;  and  the  coupling  of  the  two  sets  of  axles  is  efiected  by  an  ingenious  system  of 
linkwork.  Engines  of  this  class,  known  as  "Engerth's,"  weigh  from  45  to  60  tons 
and  upwards.  For  details  as  to' this  and  various  other  forms  of  locomotive  engines,  see 
the  following  publications  relative  to  the  International  Exhibition  of  18G2: — Mitthei- 
lungen  iiber  die  zur  Londoner  Ausstellung  im  JaJire  1862  mm  der  k,  k.  priv.  Oesterr. 
Stoats- Eigenbahn-GeseUachqfl  gesendtttn  Gegenstaende.  Notice  sur  Us  trois  Types  de 
Locomotives  exposes  par  la  Compagnie  da  Chemin  da  Fer  da  Sard* 

To  Article  521,  p.  763.  Break wntem. — As  to  the  construction  of  a  breakwater 
by  means  of  a  wooden  cnge  filled  with  rough  stones,  and  resting  on  a  rubble  bssc,  see  a 
paper  by  Mr.  Michael  Scott  in  the  Proceedings  of  the  Institution  of  Civil  Engineers 
for  1858. 


PART  I. 

« 

OF  ENGINEERING  GEODESY;  OR,  SURVEYING, 
LEVELLING,  AND  SETTING.OUT. 


GKAVTERL 

GBNE&AL  BXPLANATIONa 


1.  8nv«ftes»  iMiwtXUm^  aa4  ScMtog  •■!,  comprehend  the  principal 
opentions  of  Engineering  Geodesy:  the  object  of  surveying  and 
levelliog  being  to  make  a  representation  on  paper  of  the  ground  on 
which  ^e  proposed  engineering  work  is  to  be  executed;  and  the 
object  of  setting-out  b^ng,  to  mark  upon  the  ground  the  situation 
of  the  proposed  work  preparatoiy  to  its  execution. 

The  tenn  ^'sunreying^"  when  used  in  a  comprehensive  sense, 
mdudes  levelling;  but  in  a  restricted  sense,  swrveymg  is  used  to 
denote  the  art  of  ascertaining  and  representing  the  form  of  the 
ground  and  the  relative  positions  of  objects  upon  it^  as  projected  on 
a  horiaantal  surface;  and  leodlmgy  to  denote  the  art  of  ascertaining 
and  representinff  the  relative  elevations  of  different  parts  of  the 
groxmd,  and  of  objects  upon  it 

1  fftan  aad  Sscttoib — ^The  results  of  surveying,  laid  down  on 
piper  by  the  operations  of  ''plotting"  and  drawing,  constitute  a  pkm 
^grmmdplan;  those  of  levelling  are  usually  laid.down  in  the  fonn 
of  a  vertioal  seo^aon,  called  more  briefly  a  ncUon  (although  there  axe 
other  ways  of  representing  them,  as  will  afterwards  be  explained). 

A  plan  is  a  miniature  representation  of  the  ground  and  the 
objects  upon  it,  and  of  the  proposed  engineering  work,  as  projected 
<n  a  horizontal  sur£M»,  that  surfieuse  b^ng  represented  by  the  sur- 
£u%  of  the  paper  on  which  the  plan  is  drawn.  A  plan  diiSers  from 
&  map  chiefly  in  the  scale  on  which  it  is  drawn,  the  scale  of  a  plan 
being  laiige  enough  to  serve  for  the  designing  of  engineering  works, 
vhik  that  of  a  map  is  so  small  as  to  make  it  serviceable  for  the 
pQipoies  of  travelling  and  geography  only. 

k  vertical  section  shows  the  %ure  of  a  certain  line  or  track  on 
^  natund  sur&ce  of  the  ground,  and  of  the  proposed  work  to  be 
executed  along  that  line,  and  sometimes  also  that  of  the  internal 
strata,  as  projected  on  a  vertical  sur&ce, — ^that  vertical  sur&ce  being 
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represented  bj  fclie  sm&ce  of  the  paper  on  which  the  section  is  draiKni. 
A  certain  straight  line  on  that  paper^  called  the  ^^  daJtwrnrlins^ 
represents  a  fixed  horizontal  surface  at  any  convenient  height  above 
or  depth  below  some  fixed  and  known  point,  called  the  ^'  daJtfwnh- 
poirU,*^  Lines  parallel  to  the  datum-line  represent  in  miniature^ 
distances  measured  horiz(5ntally  along  the  line  or  track  on  the 
earth's  surface  to  which  the  section  relates.  Lines  perpendicular 
to  the  datum-line  represent  in  miniature,  heights  above  or  depths 
below  the  datum  horizontal  sur&ce.  The  natural  surfju^  of  tbe 
ground,  and  the  proposed  work,  are  represented  by  lines,  straight, 
curved,  or  angular,  which  at  each  point  are  at  the  proper  vertical 
distance  from  the  datum-line.    ^ 

In  the  same  section  the  scale  for  horizontal  distances  and  the 
scale  for  heights  may  be  different,  if  convenience  requires  it,  as  will 
afterwards  be  more  fuUy  explained. 

3.  A  Vwiamrtal  Sarfcee  is  a  surface  which  is  everywhere  petpen- 
dicular  to  the  direction  of  the  force  of  gravity;  such  as  the  surfkce 
of  a  piece  of  still  water.  Its  true  figure  is  very  nearly  that  of  a 
spheroid.  For  a  horizontal  surface  at  the  mean  level  of  the  sea,  the 
dimensions  of  that  spheroid  are  as  follows,  according  to  recent 

calculations : — * 

Feet.  Sutute  ICfles. 

Polar  axis,  41,707,324  =  7899-114 

Equatorial  diameter,  41,847,192  =  7925*604 

Difference,  or  polar  flattening,  ...      139,868=     26*490 

The  portions  of  the  earth's  surface  represented  by  plans  for 
engineering  purposes  are  usually  so  small  compared  with  the  whole 
earth,  that  a  horizontal  sur&ce  may,  in  most  cases,  be  treated  as  if 
it  were  plane,  without  any  error  of  practical  importance.  In  those 
cases  in  which  it  is  necessary  to  1»ke  the  earth's  curvature  into 
account,  the  ellipticity  or  polar  flattening  may  be  neglected,  and 
the  figure  of  a  horizontal  sur&ce  may  be  treated  as  if  it  were  a 
sphere  of  the  same  meom  dioffmetar  with  tilie  spheroid  before  described ; 
that  is  to  say,  very  nearly 

41,778,000  feet=  13,926,000  yards  =  7,91 2^  statute  miles. 

It  is  in  certain  calculations  only  that  the  earth's  curvature  re- 
quires to  be  taken  into  account  for  engineering  purposes.  In  plans, 
a  flat  piece  of  paper,  and  in  vertical  sections,  a  straight  line,  repre- 
sent a  horizontal  surfiEu^e  with  as  much  accuracy  as  is  practicabla 

4.  ncannM  •€  liOisai. — ^The  standard  measure  of  length  estab- 
lished by  law  in  Britain  is  the  y(xrdi  being  the  distance,  at  the 
temperature  of  62^  of .  Fahrenheit's  thermometer,  and  under  the 

*  BttBd,  qaoted  by  Hnacbel  (PutUnu  qf  AttraHOH^). 


MEASnO&KS  OF  IXSQTBL 


Mn  abnoBpheric  preaaaT^   between  two  marks  on  a  oertain  bar 
^  ffl  kept  in  the  office  of  the  Exchequer,  at  Westminster. 

In  addition  to  the  ywardL,  the  following  nnits  of  length  axe  em- 
P*^  fi» porpoees  of  civil  engineering  in  Britain:— 
^J^Jtacfc,  one  thirty^-fiELztli   part  of  the  standard  yard;  with 

bmaijy  decbnaly  or,  clixodecimal  subdivisions. 
^MtM,  one-third   part  of  the  standard  yard;  with  decimal  or 
Aotkdmal  subdivisioiis. 
•^  AtfeMB  of  two  y&rcls. 
The  ckmMm  of  66  fee*   or  22  yards;   divided  into  four  poles  of 

5i  yards,  and  lOO  IxT^Jk^  of  792  inches. 
The  tMM.  Buie  of  1,760  yards  =  5,280  feet  =  80  chains,  divided 
into  8  fimriangs.      To  tlieae  may  be  added,  in  cases  of  harbour 


The  Rnntemi  op  0aa  'amMMmm  being  the  length  of  one  minute  of  a 
degree  of  latitude  at  tHe  mean  level  of  the  sea.     The  length  of 
1ms  mile  varies  izx   different  latitudes,  from  about  6,107  feet 
at  the  poles  to  about  6,046  feet  at  the  equator,  its  mean  value 
being  nearly  6,076    feet,  or  1-1508  statute  milet     A  value 
oonmionly  taken  for  the  nautical  mile  is  that  of  a  minute  of 
longLtude  at  the  eqn&tor,  or  6086*44  feet »  M528  statute  mila 
The  nautical  nule  is  sometimes^  subdivided  into  10  wMm^  and 
l)(KK)/ctt&om9/  the  fathom  thus  obtained  being,  on  an  average, 
about  ^^^th  longer  than  the  common  fitthom. 
Amoi^  obsolete  noieasures  of  distance  the  following  may  be 
^neokumed,  as  they  oocsaaionally  occur  in  old  plans  :— 
ThelriahPerdtof  7  yarda,  being  greater  than  the  imperial  perch 

in  the  proportioii  of  14  to  11. 
T^e  Irish  Jfife  of  320  Irish  perches  =  2,240  yards  =»  6,720  feet, 

^)c>ring  to  the  statute  mile  the  same  proportion  of  14  to  1 1. 
The  Scottish  EU  of  37-0^  imperial  inches. 
The  Soottiah  ^o^  of  6  eUs,  or  18-53  impmal  feet. 
The  Scottaah  MUe  of  1,920  ells  =  5929-6  feet 
Badi  of  these  mileB  is  divided,  like  the  statute  mile,  into  8  fur- 


_  .         J  chains, 
^nricmg^  and  chain,  b 


6720  :  5929-6  :  5280 
::l-27:    1*123: 1-000 


^he  Riench  measoies  of  leng^  are  all  decimal  multiples  and 
aabmuitiples  d[  the  josbx,  which  is  approximately  one  ten-millionth 
PMt  oi  the  distance  fitm  one  of  the  earth's  poles  to  the  equator. 
The  vaJne  of  the  mdtie  in  British  measures  is 

3-2808992  feefc,  or  39-37079  inches. 
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The  KiiMifltK  of  1,000  metres,  or  3280*8992  British  feet,  is 

0*621383  of  a  statute  mile. 
For  further  informatiozi  of  the  same  kind,  see  the  Comparative 
Table  of  French  and  British  Measures  at  the  end  of  the  volume. 
6.  The  Wkemmmnm  of  Am«  used  in  British  civU  engineering  are — 

The  flqoare  Inch. 

The  0««ar«  wom€  of  144  Square  inches. 

The  SqaaM  iPaxA  of  9  square  feet 

The  Acre  of  10  square  ehams^  or  100,000  square  Unksy  or  4,840 
sqtiore  yards,  subdivided  either  dedmallj,  or  into  4  roods  of 
1,210  square  yards,  and  160  perdtes  of  30^  square  yards. 

The  flqmm  lUto  of  640  acres,  or  3,097,600  square  yards,  or 
27,878,400  square  feet 

The  Irish  acre,  subdivided  into  4  roods  and  160  perches,  and  the 
Seottish  acre,  subdivided  into  4  roods  and  160  faUsj  bear  to  the 
imperial  acre  proportions  which  are  the  squares  of  the  propor- 
tions borne  by  the  Irish  and  Soottiah  miles  respectively  to  the 
statute  mile;  that  is  to  say, 

Irish  acre  :  Imperial  acre  : :  196  :  121 ; 
Also,  Irish  acre  :  Scottish  acre  :  Imperial  acre 
:  :  1*6198      :       1*2612         :  1-0000  nearly. 


6.  The  BicvuBMs  tff  ToluMc  used  in  British  civil  engineering  are — 
The  €«Uc  iMh. 

The  CaMe  VMt  of  1,728  cubic  inches. 
The  CaMc  TMTd  of  27  cubic  feet 

In  the  engineering  of  water-works,  the  GbUmi  is  used  in  stating 
quantities  of  water.     Its  statutory  value  is 

277*274  cubic  inches,  or  0*16046  cubic  foot^ 

but  it  is  convenient  in  calculation,  and  in  general  sufficiently  accu- 
rate for  purposes  of  water  supply,  to  use  the  approximate  values. 

One  gallon  ...  =  0*16  cubic  foot,  neariy;  and 
One  cubic  foot  =    6^  gallons,  nearly. 

Other  special  measures  of  volume  are  employed  for  certain  kinds  of 
materials  and  work ;  but  these  will  be  explained  further  on. 

7.  ftcai^  ftr  piwu« — The  scale  on  which  a  plan  is  drawn  means 
the  proportion  which  distemces,  as  represented  on  the  plan,  bear  to 
the  corresponding  distances  on  the  ground.  Amongst  continental 
European  nations  it  is  customary  to  express  that  proportion  by- 
means  of  a  fraction,  such  as  1 -10,000th.  In  Britain,  it  b  customary 
to  refer  to  two  units  of  length,  a  short  unit  for  the  paper,  and  a 
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long  unit  for  the  ground.  For  example— "mk  indtea  to  one  mile^ 
expresses  ^le  scale  which,  according  to  the  continental  system, 
would  be  called  1 -10,560th.  Amongst  continental  nations,  aLao,  the 
scales  most  commonly  nsed  are  those  in  which  the  proportion  of  the 
dimensions  of  the  plan  to  those  of  the  groond  is  some  exact  decimal 
finc^on,  SQch  as  l-10,000th  =  -OOOl,  l-2,500th  ==  O004,  l-500th  ^ 
-002,  Jdc  ;  in  Britain,  the  scales  moirt  commonly  used  are  those  in 
which  a  distance  of  a  certain  number  of  miles,  chains,  or  feet  on  the 
groond  is  represented  by  a  distance  of  a  certain  number  of  inches, 
or  aliquot  parts  of  an  inch,  on  the  paper. 

The  magnitude  of  the  scale  which  is  best  suited  for  the  plan  of 
a  puticular  survey  varies  according  to  the  minuteness  and  com- 
plexity of  the  objects  to  be  represented.  Thus,  a  larger  scale 
is  required  in  plans  of  towns  than  in  those  of  the  open  oountry; 
and  ^e  smaller  and  more  intricate  the  buildings  and  the  divisions 
of  property  are,  the  larger  should  the  scale  be;  and  a  plan  to  be 
used  in  the  final  designing  and  setting-out  of  works  should  be  on  a 
higer  scale  than  one  to  be  used  for  the  selection  of  a  line  of  oom- 
nmnication,  and  for  preliminary  or  parliamentary  purposes. 

The  following  table  enumerates  some  of  the  scales  for  plans  most 
oommonly  used  in  Britain,  together  with  a  statement  of  the 
pmposes  to  which  ihey  are  best  adapted: — 


(1.)  1  iocb  to  a  mile^. 


(Z;  4  btctm  to  a  oule,. 


/ 


(3.)6'mebeB  to  a  mile,. 


fractUmof 

real 
Dimouloiu. 


I 


(4.)  6-836  inches  to  a  mile,. 


6d,860 

1 
16,840 

1 
10,660 


10,000 


Scale  of  tiie  nnaner  oidnanee  mape  ot 
Britain.  This  scale  is  well  adapted 
for  maps  to  be  used  In  ezploring  Uie 
ooantry. 

Smallest  scale  peimitted  by  the  stand- 
ing orders  of  parliament  for  the  de- 
posited plans  of  proposed  works. 

Scale  of  the  laxger  ordnance  maps  of 
Great  Britain  and  Ireland.  This 
scale,  being  jost  large  enough  to 
show  btdldings,  roads,  and  other 
important  objects  diitinctlj  in  their 
tme  forms  and  proportions,  and  at 
the  same  time  small  enoogh  to 
enable  the  eye  of  the  engfaieer  to 
embrace  the  plan  of  a  considerable 
extent  of  ooantry  at  one  view,  is  on 
the  whole  the  best  i^lepted  for  the 
selection  of  lines  for  engineering 
works,  and  for  parliamentary  plans 
and  preliminary  estimstes. 

Decimal  scale  posseanng  the  same  ad- 
vantages. 


6 
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Ordinaxy  Derignatlon 
of  Soa]«. 


(6.)  400  ftet  to  an  inch,. 


(6.)  6  chains  to  «&  incli,. 


(7.)  16-84  incfam  to  a  miki... 


(8.)  5  diains  to  an  inch,  or> 
16  indMs  to  a  mUe^J 


(9.)  S5-844  indMS  to  a  mile, 


(10.)  200  feet  to  an  inch,. 


(11.)  8  chains  to  an  inch,. 


(12.)  100  feet  to  an  inch, 

(18.)  88  feet  to  an  inch,  or> 
60  inchee  to  a  mile^/ 

(14.)  68*86  inches  to  a  mile,.. 

(16.)  44  feet  to  an  Inch,  or) 
120  inches  to  andle,i 

(16.)  126-72  inches  to  a  mile, 

(17.)  80  feet  to  an  inch, 

(1&)  20  feet  to  an  inch, 

(19.)  10  feet  to  an  hicfa, , 


Fraction  of 

real 
DimenaloDfl. 


Uii^ 


4,800 

1 
4,762 

1_ 
4,000 

1 

8,960 


2,600 


2,400 

1 
2,876 

1 

MOO 
1 

1,056 

1 
1,000 

1 

628 

1 
600 

1 
860 

1 

240 
1 

120 

&C. 


Smallest  scale  permitted  by  the  stand- 
ing orders  of  parliament  for  **  en- 
larged plans"  of  boildings  and  of 
land  wiUiin  the  curtilage  of  bnildinga. 

Scak  answering  the  same  purpose. 


Scales  well  suited  for  the  working 
surveys  and  land  plans  of  great  . 
engineering  worlcs,  and    for    en-  | 
laiged  parliamentary  plana 


(Scale  8  is  that  prescribed  in  the  stand- 
ing orders  of  parliament  for  "  ctoas 
sections'*  of  proposed  railways,  show> 
ing  alterations  of  roads.) 

Scale  of  plans  of  part  of  die  ordnanoe 
survey  of  Britain,  from  which  the 
maps  before  mentioned  are  rednoecL 
Well  adapted  for  land  plans  of  en- 
gineering works  and  plans  of  eetatea. 

Scale  suited  for  similar  purposes. 
SmaUest  scale  prfsciibed  by  law  for 
land  or  contract  plans  in  Ireland. 

Scale  of  the  Tithe  Commissioners*  plans. 
Suited  ibr  the  same  purposes  as  the 
above. 

Scale  suited  for  plans  of  towns,  when 
not  very  intricate. 


Scale  of  ordnance  plans  of  the  h 
tricately  buOt  towns. 


in- 


Decimal  scale  having  the  same  pro- 
perties. 

Scale  of  ordnanoe  plans  of  the  more 
intricately  built  towns. 

Decimal  scale  having  the  same  pro- 
perties. 


) 

> 

) 


Scales  for  spedal  purposea. 
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8.  Scale*  Ar  geciiawM, — JSjio&pt  in  a  few  cases  of  rare  occamnoe, 
the  jea2s  fijr  kortzonUd  dutanoes  on  a  section  ahonld  be  the  same 
vith  the  scale  of  the  plan  'with  which  it  corresponds.  One  of  the 
exoepdons  is  that  of  the  parliamentary  section  of  a  road  npon 
the  kfvel  or  positioii  of  'which  it  is  intended  to  make  an  alteration 
&r  the  parpoae  of  carrying  a  railway  across  it,  whether  over 
cr under;  in  this  case,  the  hori^ntal  scale  of  the  section,  as  pre- 
Kiibed  hy  the  standing  orders,  is  to  be  Jive  cAomw  to  an  tnc4  (s^ 
Ho.  8  in  the  table  of  the  last  article).  The  plan  may  be  on  the 
ame  scale,  bat  not  necessarily  so;  in  fitct,  its  scale  in  general  is 
mTtdi  smaller. 

The  zerUoal  male^  or  9oale  for  heighte,  is  ahnost  always  much 
greater  than  the  horixontal  scale,  because  the  differences  of  elevation 
between  points  on  the  ground  are  in  general  much  smaller  than 
their  disUnoes  apart,  and  require  to  be  represented  on  a  greater 
acsle  on  paper,  in  ordLer  that  iiiej  may  be  equally  conspicuous  to  the 
eye;  sod  also,  because  in  the  execution  of  engineering  works, 
aeeoraey  in  Ict^s  is  of  more  importance  than  accuracy  in  horizontal 
position,  and  rertical  heights  would  be  represented  with  greater 
precision  than  horizontal  distanoea  The  proportion  in  which  the 
vertical  scale  is  greater  than  the  horizontal  scale  is  called  the 
eugig&raiion  of  the  scale.    The  following  table  gives  some  examples : 


Cl.)100fBittoaiiiioh, 


(2.)  40  feet  to  an  inch. 


<!L)  80  fed  to  an  inch. 


fL)  20  feet  to  IB  inch, 


\ 


&e. 


ofrcAl 
Helcfat 


Hortiontal  SealM 

wltb  wbieh  the 

VerUeal  Seftle  ia 

anaUy  oombbiod. 


1,200 


1 
480 


1 
S60 

1 
240 


to 


16,840     10,660 


to 


4,800        8,960 


1 

to 

1 

8,060 

2,876 

1 

to 

1 

KzgA. 
tvawin. 


Ftoni 
18-2  to  8*8 


U» 


10  to  8-25 


8,060        2,876 
Ac. 


11  to  6-6 


16-6  to  9-9 


&c 


SmaUait  icalo  ptr« 
mitted  by  the 
standing  orders 
ot  parliamsnt  for 
sertioiis  of  pro- 
posed worka. 

Smallest  scale  per- 
mitted by  the 
standing  orders 
of  pariiament  for 
cross  sectlona, 
showing  alter»- 
tloosofroada. 


Scales  suitable  for 
woiUiig  sections. 
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Vertical  seotions  toiihaut  exoffgeraUany  «howixig  the  horixontaJ 
and  vertical  dimensions  of  the  ground  in  their  r^  proportions  to 
each  other,  are  required  at  the  sites  of  proposed  liurge  works  in 
masonry^  timber,  and  iron,  such  as  viaducts.  These  sections  ai-e 
in  general  drawn  on  a  lai^r  scale  than  the  vertical  scale  of  the 
ordinary  working  sections. 

9.  ncth«da  te  anreriBg^^There  are  two  principal  methods  fol- 
lowed in  surveying,  each  characterized  by  the  elementary  mathe- 
matical process  which  it  involves :  the  method  of  distances  cmd  offsetSy 
used  for  filling  up  the  details  of  a  survey,  and  the  method  oftriangleSy 
used  chiefly  for  ascertaining  the  positions  of  certain  stations,  but 
occasionally  applied  to  filling  up  the  details  also. 

FiBST  Method — ^By  Distances  and  Offsets. 

In  fig.  1,  A  is  the  representation  on  paper  of  a  station,  or  fixed 
and  marked  point  on  the  ground,  and  A  D  that  of  a  line  extending^ 

from  A  in  a  known  direction.  To 
ascertain  and  lay  down  the  position 
of  a  point  C  relatively  to  A,  a  per- 

pendicular  is  let  fidl  on  the  ground 

^  B  »    fipom  C  upon  A  D,  meeting  that  line 

*  in  B;   the  distanoe  A  B  and  offset 

B  G.  are  measured,  and  these  being  laid  down  on  the  plan  to  a 
suitable  scale,  the  point  0  on  the  plan  which  represents  C  on  the 
ground  is  marked  or  plotted  In  some  cases  the  angle  at  B  may  bo 
some  measured  oblique  angle  instead  of  a  right  angle;  but  in  most 
cases  it  is  a  right  angle.  This  is  the  method  of  surveying  by 
distances  and  ofhets,  and  is  that  by  which  the  details  of  a  survey 
are  in  almost  all  cases  filled  in. 

The  same  figure  may  be  taken  as  representing  the  elementary 
operation  of  levelling,  if  A  D  be  held  as  marking  the  datum  hori- 
sontal  surface,  and  C  B  the  height  above  that  surface  of  a  point 
G,  whose  horizontal  distance  from  A,  the  commencement  of  the 

section,  is  A  B. 

Sboond  Method — Bt  Tbianoles. 

A  and  B,  upon  the  paper,  represent  two 
stations  or  points  on  the  ground,  whose 
relative  position — that  is,  their  distance 
apart,  and  the  direction  of  the  line  joining 
them — has  been  ascertained.  It  is  re- 
quired  to  ascertain  and  lay  down  on  the 
^*  paper  the  position  of  a  third  point  C  rela- 

tively to  those  two.     This  is  to  be  done  by  measuring  any  two  out 
of  the  following  four  quantities : — 
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the  distaBoes  A  C  and  B  C; — 
the  angleB  C  A  B  and  C  B  A,— 

and  plotting  or  laying  down  on  the  paper  the  representation  either 
of  the  quantities  actoally  measured,  or  of  others  calculated  from 
them.  The  object  of  such  calculation  is  in  most  cases  to  lay  down 
the  distanoes  A  C  and  B  0  on  paper,  when  the  angles  at  A  and  B 
have  been  measured  on  the  ground;  for  on  the  ground,  angles  are 
more  easily  measured  with  precision  than  distances;  and  on  paper, 
distances  can  be  laid  down  more  accurately  than  angles. 

10.  Vm  •r  TrifMMHMttT. — ^The  figure  to  be  measured  on  the 
ground  and  laid  down  on  the  paper  being  in  most  cases  a  tiriom^y 
the  branch  of  mathematics  by  which  the  necessary  calculations  are 
to  be  performed  is  that  which  relates  to  the  figures  and  dimensions 
of  trianglee :  that  is,  Trigokometbt. 

When  the  triangle  formed  by  the  three  points  is  of  such  extent 
that  the  corvature  of  the  earth  may  be  neglected,  its  sides  are 
sensibly  straight  lines,  and  the  rules  of  Flamb  TrigwumkO/ry  are  to 
be  used.  When  the  curvature  of  the  earth  has  a  sensible  effect, 
the  sides  of  the  triangle  are  to  be  considered  as  being  nearly  arcs  of 
circles,  of  a  radius  equal  to  that  of  the  earth,  and  recourse  must  be 
had  to  Spherical  Trigcnom^bry.  This,  however,  is  of  rare  occurrence 
in  annr^rs  made  expressly  for  engineering  purposes.  The  principles 
of  spherical  trigonometi^  are  ^j&o  occasionally  required,  when  an 
an|^  has  been  measured  on  an  inclined  plane,  to  compute  the  cor- 
responding  angle  as  projected  on  a  horizontal  plane. 

In  Chapter  IIL  will  be  given  a  summary  of  those  trigonometrical 
formulas  which  are  useful  in  surveying. 

11.  The  d— ■>■!  OtdOT  tff  OpcnulMs  tai  BagtaMvtag  ClMdie^r 
is  the  following,  or  nearly  so: — 

L  The  reoffninaincmce  or  eosplaring  of  the  country  by  the  engineer, 
with  a  view  to  ascertaining  in  a  general  way  the  facilities  which 
it  affords  for  the  proposed  work,  and  determining  approximately  the 
best  site  or  course  for  that  work.  In  this  process  the  engineer 
wiH  pay  attention  to  the  geological  structure  of  the  groimd,  and 
tiie  sources  from  which  useful  materials  may  be  obtained :  he  will 
be  aided  by  obtaining  the  best  existing  maps  or  plans  upon  a 
suitable  scale,  if  any  such  are  to  be  had,  and  by  the  taking  of — 

IL  Flying  leveU. — These  are  observations  for  ascertaining  the 
elevations  ot  detached  points  of  primary  importance  as  regards  the 
practicability  and  cost  of  the  work,  and  the  selection  of  the  line 
for  it;  such  as  passes  across  ridges  and  valleys,  and  points  where 
fltnictures  of  magnitude  may  be  required. 

The  engineer  having  thus  determined  generally  where  his  pro- 
posed work  will  be  situated,  proceeds  to  make  a  more  definite 
selection  of  its  site,  by  the  aid  of-^ 
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III.  PrdmiiMury  Trial  Seetuma,  made  hj  taking  oontmaooB 
lineB  of  levels  in  which  distances  as  w^ll  as  heights  are  measut^d. 
These  may,  or  may  not,  be  accompanied  by  a  rough  9wn>€y  amd 
plan, — ^the  necessity  for  which  will  depend  very  much  on  the 
character  of  the  existing  maps.  The  engineer  is  now  enabled  to 
determine  the  site  of  the  work  with  a  degree  of  precision  depend- 
ing on  the  care  and  skill  that  have  been  bestowed  on  the  pre- 
liminary operations,  and  to  fix  accordingly  what  extent  of  ground 
is  to  be  embraced  in  the — 

lY.  DetaUed  Swrvey  arid  Flcm,  as  to  the  conduct  of  which 
further  remarks  will  be  made  in  Article  12.  The  time^  labour, 
and  money  expended  on  this  survey  will  be  the  less,  the  greater 
the  precision  with  which  the  best  line  has  been  found  by  means  of 
thepreHminary  operations. 

v.  AddUumal  Trial  Sectiona,  both  longitudinal  and  transverse, 
are  now  to  be  made  with  the  aid  of  the  detailed  plan,  so  as  to 
fix  exactly  the  best  line  for  the  proposed  work  that  can  be  found. 

YL  M(vrking  the  Line, — The  line  so  fixed  is  to  be  drawn  on  the 
plan,  and  marked  on  the  ground  by  stakes,  (nt  other  suitable 
objects.     ^See  Article  13.) 

YII.  Tne  Detailed  Section  is  now  to  be  prepared  by  careful 
and  accurate  levellings,  so  as  to  exhibit  a  datum  horizontal  line^ 
a  line  representing  the  sur&ce  of  the  groimd,  and  a  line,  or  lines, 
marking  the  levels  of  the  proposed  work.  Certain  heights  and 
other  information  should  be  marked  in  figures,  as  will  aftiarwarda 
be  explained.    (See  Articles  14,  15,  and  16.) 

yjll.  Trial-Fiis  and  Borings  will  be  proceeded  with,  while  the 
levelling  for  the  detailed  section  is  in  progress,  in  order  to 
ascertain  the  strata  of  the  g^und.  Borings  are  the  less  costly,  in 
time,  labour,  and  damage  to  the  ground;  but  pits  are  the  more 
satisfactory  to  the  engineer  and  Uie  contractor.  The  results  of 
the  trial-pits  and  bonngs  may  be  marked  on  a  plan  and  section 
for  the  use  of  the  engineer.  (See  Article  17.)  Further  remarks 
will  be  made  on  these  matters  under  the  head  of  earthwork. 

IX.  Deeigne  and  EstMnaiee, — ^The  engineer  will  now  design  the 
structures  required  for  the  proposed  work  with  sufficient  precision 
to  enable  him  to  estimate  their  probable  cost.     (See  Article  17.) 

X.  Parliamentary  Proceedings, — In  the  event  of  its  being 
necessary  to  apply  for  an  act  of  parliament  for  the  execution  of 
the  work,  a  plan  and  section  and  book  of  reference  to  the  plan 
will  be  prepc^red,  and  copies  of  them  deposited  in  certain  public 
offices,  in  conformity  with  the  standing  orders  of  the  House  of 
Lords,  and  also  with  those  of  the  House  of  Commons.  No 
attempt  is  made  in  this  treatise  to  give  any  summary  of  those 
standing  orders,  because,  as  they  are  liable  to  be  amended  and 
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added  to  in  eacii  aeasion  of  parliament,  the  only  means  of  enstiring 
oomplianoe  ivith  them  is  for  the  engineer  to  provide  himself  with  a 
copy  of  the  standing  ordera  for  the  session  daring  which  the  act  is 
to  be  applied  for.  Those  for  a  previous  session,  even  for  that 
immediately  preceding,  are  unsafe  guide& 

XL  Impramng  Lvnea  and  Lwels,  under  Powers  of  Deviation, — 
In  the  first  preparation  of  the  plan  and  section  of  a  work  requiring 
the  aothority  of  parliament)  there  is  seldom  or  never  time  to  select 
the  best  line  and  levels  with  predsion.  In  order  to  afford  an 
oppoitonity  for  afterwards  amending  the  line  and  levels,  powers  of 
deviating  from  those  shown  on  the  parliamentaiy  plan  and  section 
an  taken,  the  extent  of  the  power  of  lateral  deviation  being 
indicated  on  the  plan  by  dotted  lines.  The  usual  extent  of  those 
powers  of  deviation  is,  laterally,  100  yards  either  way  in  the 
country,  and  10  yards  either  way  in  towns;  and  vertically,  five 
feet  upwards  or  downwards  in  the  country,  and  two  feet 
upwards  or  downwards  in  towns;  but  greater  or  less  powers  are 
confenred  in  special  case&  After  the  act  of  parliament  has  been 
obtained,  the  engineer  will  avail  himself  of  the  power  of  deviation 
to  make  the  work  more  economical,  or  otherwise  to  improve  it. 

The  following  four  operations  will  then  proceed  together : — 

XTT.  Swrvey  for  Lcmd  FkmB,^~I£,  as  is  often  the  case,  the 
previous  survey  referred  to  under  Operation  iy.,has  been  executed 
too  hastily,  or  plotted  on  too  smali  a  scale,  to  serve  for  the  plans 
that  are  to  be  used  in  the  purchase  of  land  and  execution  of  the 
work,  a  more  accurate  survey  must  now  be  made  for  that  purpose; 
but  this  new  survey  being  confined  to  the  ground  finally  selected 
for  the  site  of  the  work,  will  be  of  comparatively  small  extent. 
(See  Article  18.) 

XTTT.  Banging  and  Setiing-cut  the  LinSf  consists  in  marking,  by 
stakes  or  otherwise  on  the  ground,  the  centre  line  of  the  proposed 
work,  as  finally  fixed. 

XIV.  Working  SecUoni  are  prepared  by  taking,  with  great  care 
and  precision,  the  levels  of  the  ground  along  the  finally  selected 
centre  line,  and  as  many  lines  of  transverse  sections  as  may  be 
necessary,  plotting  the  results  on  a  sufficiently  large  scale  (see 
Article  8,  p.  7),  and  drawing  on  the  sections  of  the  ground  so 
made^  liaes  to  represent  the  intended  levels  of  the  work.  (See 
Artides  14,  15,  and  16.) 

XY.  SeUing-cut  the  Breadihe  of  Lamd  required  for  the  work  is 
performed  both  on  the  flpround  and  on  the  land  plans  after  those 
bieadths  have  been  calcuLited. 

The  land  required  can  now  be  fenced,  and  the  execution  of  the 
work  proceeded  witL 

12.  0i*ig  •€  OfKatiiMt  la  dM  HctalMl  BiiiUi — It  will  now  be 
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stated,  in  greater  detail,  what  steps  are  taken  in  malring  the  survey 
referred  to  under  Head  lY.  of  Article  11,  p.  10. 

(a.)  Selecting  PriaicipcU  Stations, — The  surveyor,  making  a  general 
exploration  of  the  ground  to  be  surveyed,  will  choose  a  series  of 
stations  placed  generally  on  the  highest  and  most  open  ground;  so 
that  each  station  may  command  as  extensive  a  view  as  possible  of 
the  ground  to  be  surveyed,  and  that  a  pole  or  other  signal  placed 
at  each  station  may  be  distinctly  visible  from  the  neighbouiing 
stations.  These  stations  should  also  be  chosen  so  that  &e  imagi- 
nary lines  connecting  them  with  each  other,  and  with  a  series  of 
conspicuous  objects  in  their  neighbourhood,  such  as  towers  and 

spires,  may  cover  the  district  to  be 
surveyed  with  a  network  of  large 
triangles,  having  no  angle  less  thfui 
30*^,  or  more  than  160'';  two  angles 
at  least  of  each  triangle  being  aooes- 
^T  Bible  stations. 

With  the  exception  of  harbours, 
most  great  engineering  works  are 
long  lines  of  communication,  such 
as  railways,  roads,  and  canals;  and 
the  survey  required  for  a  work  of 
that  sort  embraces,  in  general,   a 
long  narrow  band  of  country,  usually 
about  a  quarter  of  a  mile,  and  seldom 
more  than  half-a-mile  wide.    Let  the 
two  dotted  lines  in  fig.  3  represent 
part  of  the  band  of  country  to  be 
surveyed ;  the  principal  stations,  A, 
B,  C,  D,  E,  <ba,  are  to  be  chosen  so 
as  to  form  the  junctions  of  a  series  of 
straight  lines  running   along  that 
band,  each  line  as  long  as  may  be 
practicable  consistently  with  obtain- 
ing good  points  for  stations.    These 
are  called  hose  linea,  or  prineipal 
stcUion  tinea.     The  network  of  tri- 
angles is  to  be  completed  by  select- 
ing a  series  of  latend  objects,  F,  G, 
H,  &a,  which  may  be  high  buildings, 
conspicuous  trees,  &c. 
The  principal  stations  are  to  be  marked  permanently  by  stakes, 
and  temporarily,  when  required,  by  poles  and  flags. 

(6.)  Ranging  Principal  Station  Lines, — When  the  lines  are  of 
great  lengUi,  or  have  uneven  ground  and  other  ohataolea  in  their 
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casoBf  it  may  be  neoeeBary  to  mark  intermediate  jpcopte  ui  them 
hf  stakes  and  poleB,  as  -well  as  the  extremitieB.  This  is  always 
ueoessBiy  when  thiere  are  parts  of  a  station  line  from  which  its  ends 
ire  not  Tiahla 

(&)  Mam  Trkmg%gkaiofL  Chaining  Bam  Linn. — ^The  survey 
of  the  network  of  great  triangles  might  be  made  by  measuring  one 
btte  tine  only,  ai^  finding  the  lengths  of  all  the  other  sides  of 
trkngies  by  calculation  from  their  anglea  But  for  the  purposes  of 
the  long  narrow  snrv^^rs  required  for  engineering  projects,  it  is 
iBore  convenient  to  measure  each  of  the  principal  station  lines  AB, 
BC,  CD,  &c,  by  the  c^iain,  in  order  to  ascertain  the  positions  of 
mtomediate  points  soitable  for  secondary  stations,  and  also  of  the 
points  where  the  principal  station-lines  cross  roads,  fences,  streams, 
ttd  other  objects  on  the  ground.  The  term  "base  line"  is  roecially 
appHedto  station  lines  which  are  thus  directly  meaBEureo.  The 
rektire  dxrectiona  of  the  base  lines  are  deterauned  by  measuring 
theani^^^ABC,  ^<::BCD,  .«s:lCDE,<S»x  The  measurements 
cf  the  angles  made  by  distant  objects  with  the  base  lines,  such  as 
-^ABF,  ^FBC,  ^CBG,  ^BCF,  ^BCG,  ^GCD, 
^  D  C  H,  iecy  serve,  by  the  aid  of  trigonometrical  calculation,  to 
check  the  accuracy  of  the  other  linear  and  angular  measurements, 
as  will  afterwards  be  shown. 

This  combination  of  linear  and  ftpgiil^r  measurement  is  called 
^ramrm^.  It  has  now  been  described  as  practised  on  a  great 
ecak^  wi^  principal  station  lines  of  several  miles  in  length;  but  it 
ia  also  practised  on  a  small  scale  ia  surveying  objects  wluch  are 
kkDg,  narKnr,  and  winding,  sucH  as  roads  and  streams. 

((L)  Secondary  TriomgUs, — ^The  surveyor  will  choose  a  set  of 
aeoondaiy  stations,  some  in  the  course  of  the  principal  station  lines ; 
^ayhfCfdf  e,/,— others  at  convenient  lateral  points  ;a8,gyhfi,  j,  hy 
l,iBky%;  the  whole  so  situated  that  the  lines  connecting  thexo, 
^iuch  form  a  network  of  smaller  or  9Kondary  triangles,  may  lie 
coffirientiy  near  to  the  fences,  streams,  buildings,  and  other 
objects  of  detail,  to  enable  these  to  be  surveyed  from  them  by 
the  fii^t  melhod  of  Article  9,  p.  8, — that  is,  by  distances  and 
Q&ets. 

(&)  Suney  of  D^aiUa.  —  This  may  be  performed  wholly  by 
means  of  distances  and  ofisets;  but  time  and  trouble  may  often  ^oe 
aaved  by  the  occasional  use  of  angular  measurements. 

Ln  oztler  to  save  time,  trouble,  and  money  as  far  as  possible,  the 
five  operations  which  have  just  been  enumerated  should  be  carried 
on  eitiier  together  or  alternately. 

^^Tien  the  plan  shows  the  centre  line  of  a  railway,  canal,  or  other 
line  of  oommunicationy  a  scale  of  distances  is  to  be  marked  al<mg 


14  EiramEEiuirG  obodest. 

the  whole  of  its  length,  oommencing  at  one  of  its  ends  or 
''termini"  According  to  standing  orders  which  have  been  in 
force  for  many  years,  that  scale  of  distances  on  the  plan  of  a  pro- 
posed railway,  is  to  show  each  mile  and  Jurlang  horn  the  com^ 
mencement  of  the  centre-line;  all  radii  of  carves  which  do  not  exceed 
one  mils  are  to  be  written  on  the  plan  ia/wrlongs  and  ehonna/ 
and  the  lengths  of  proposed  tunnels  in  ycmk.  The  information  thus 
written  on  the  plan  is  usefal  to  the  engineer,  independently  of 
its  being  prescribed.  It  is  also  useful  to  the  engineer,  although 
not  prescribed,  to  have  the  levels  of  important  points  written  on  the 
plan,  or  shown  by  the  aid  of  con^knvr  line9  (which  will  be  further 
explained  afberwards),  especially  when  the  plan  is  to  be  used  in 
selecting  a  line. 

14.  DfaiwMMt  Pl»i  prtwt,  llelghtit  •■«  •Iher  Ipftnuaimi  ii  ■  lllii 
•■  the  Scctioa. — ^The  horizontal  datum-line  of  the  section  should  have 
marked  on  it  a  scale  of  distances  corresponding  with  those  marked 
along  the  centre-liue  on  the  plan,  in  order  that  corresponding 
points  on  the  plan  and  section  may  be  readily  found;  and  great 
care  should  be  taken  that  horizontal  distances  on  the  plan  and 
section  exactly  agree. 

Alongside  the  datum-line  on  the  section  there  should  be  a 
written  statement  of  the  elevation  or  depression  of  the  horizontal 
surface  which  it  represents  as  compared  with  what  is  called  the 
''  Datum  fixed  point;'*  that  is,  a  well-marked  and  easily  found  point 
on  some  permanent  object,  which  (as  prescribed  in  the  standing 
orders  of  parliament)  should  be  ''  near  one  of  the  termiui  "  of  the 
proposed  work.  The  chief  requisftes  of  an  object  for  that  purpose 
are,  permanence  of  position  and  easy  identification;  so  that,  on 
the  whole,  some  portion  of  the  masoniy  of  a  building  (a  public 
building,  if  possible),  such  as  the  upper  side  of  a  window-sill, 
plinth,  or  string-course,  may  be  considered  as  the  best.  Door^ls  are 
deficient  in  permanence  be(»iuse  of  their  liability  to  be  worn  down  by 
thefeet  of  persons  passinginand  out ;  nevertheless,  they  are  frequently 
used  as  datum-points,  and  not  objected  to.  The  upper  surface  of  the 
rails  of  a  railway  at  some  specified  point  is  often  referred  to  as 
a  datum,  and  considered  sufficient,  although  its  elevation  is  far 
from  being  permanent  Amongst  objects  utterly  unsuitable  for 
this  puipose  may  be  mentioned,  all  surfaces  whose  levels  are 
continually  changing,  how  slight  soever  the  change  may  be,  such 
as  the  "top  water  level"  of  a  canal,  and  all  ideal  horizontal 
surfaces. 

Amongst  other  information  to  be  marked  in  writing  on  a  section 
are,  the  heights  of  the  principal  parts  of  the  proposed  work  above 
the  horizontal  datum-line,  and  in  particular,  in  the  case  of  a  rail- 
way, those  of  the  upper  s\ir&ce  of  the  rails  at  the  points  where  the 
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inclixuition  Taries;  the  several  rates  of  inclination  of  proposed  rail- 
wajBy  and  of  roads  to  be  altered  for  the  purpose  of  making  them; 
the  greatest  depths  of  cuttings  and  heights  of  embankments  ;  the 
lengths  of  tunnels  and  viaducts;  the  alterations  of  level  and  in- 
clination to  be  made  in  existing  lines  of  communication;  the 
character  of  the  structures  to  be  used  for  passing  them,  whether 
bridges  over  or  under,  or  level  crossingB;  and  in  the  case  of 
proposed  bridges  for  existing  roads,  the  width  of  roadway  which 
they  will  provide,  and  if  they  pass  over  the  roads,  the  height  of 
headroom.  So  &r  as  those  items  of  information  are  required- by 
the  standing  orders  of  parliament,  reference  must  be  made  for 
details  to  those  standing  orders  themselves,  as  has  been  already 
stated  under  Head  X.  of  Article  11. 

A  working  section  should  state,  in  writing,  the  level  of  the 
ground,  the  level  of  the  proposed  work,  and  the  height  of  embank- 
ment or  depth  of  cutting,  at  eveiy  point  of  the  m>und  whose  level 
has  been  taken;  those  quantities  oeing  found  oy  calculation,  not 
by  measurement  on  the  paper.  It  should  also  state  the  positions 
and  levels  of  all ''  Bench  marka" 

15.  BcMcii  Harks  are  fixed  objects  whose  levels  are  known, — ^in 
&ct,  subordinate  datum-points,— distributed  along  the  course  of  the 
intended  work,  at  distances  of  from  half-a-mile  to  a  mile,  and  near 
the  sites  of  all  intended  structures  of  importance,  such  as  bridges. 
If  suitable  existing  objects  cannot  be  found,  the  heads  of  li^ge 
stakes  driven  for  the  purpose  will  answer.  They  should  be  placeid 
where  they  will  not  be  disturbed  during  the  execution  of  the 
work. 

16.  CTkecktais  li«v«ii  consists  in  taking  the  levels  of  points  over 
again,  to  test  the  correctness  of  previous  levelling.  In  preliminary 
and  parliamentary  sections,  the  levels  of  the  more  important  points 
only,  such  as  summits  of  hills  and  bottoms  of  valleys,  crossings  of 
existing  lines  of  communication,  and  bench  marks,  require  to  be 
diecked;  for  working  sections,  every  level  taken  should  be  checked. 

17.  irnliat—  wmd    BMtefs  Bunked    oa    Plaa  aad   SedlMk — It 

19  useful  to  the  engineer  to  have  a  copy  of  the  plan  and  section  of 
a  proposed  work  on  which  the  results  of  trial-pits  and  borings  are 
mariced,  and  the  estimated  cost  of  each  part  of  the  work  written 
opposite  to  its  position  on  the  paper. 

18.  Cotfie  l^taM  mm  m  Bue  far  I^iid-Pkui  Bmrwrnf. — When  the 
eentre  line  of  a  proposed  railway  has  been  carefully  ranged  and 
staked  out,  it  may  be  used,  whether  straight  or  curved,  as  a  base 
far  the  secondary  triangulation  of  the  survey  for  the  land-plans, 
the  great  triangulation  being  dispensed  with,  and  each  stake 
rqparded  as  a  station  in  the  survey. 

19.  llaiBgB  to  Pvapeftj  to  ke  avaUML — All  operations  of  engi- 
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neering  field-work  ought  to  be  so  conducted  as  to  do  aa  little 
damage  as  possible  to  the  property  traversed. 

20.  AmiagcaicBt  •€  the  •■•■Ibc  Charw. — The  operations  of 
sarve3dnff,  levelling,  and  setting-out,  having  been  enumerated  and 
explained  in  a  general  way  in  the  present  chapter,  the  remaining^ 
chapters  of  this  port  will  be  devoted  to  the  explanation  of  details 
relative  to  certain  branches  of  the  subject,  in  the  following' 
order : — 

Surveying  with  the  chain. 

Surveying  by  angular  measurements. 

Levelling. 

Setting-out  worka 

Marine  Burve3ring. 

Copying,  enlarging,  and  reducing  plans. 

The  explanation  of  some  of  &e  peculiarities  of  surveys  for 
particular  classes  of  works  will  be  reserved  until  those  works  them- 
selves come  to  be  considered. 
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21.  Katiw  aoBdi  Mnaiiia — ^The  marlcB  fixed  at  stations  to  enable 
them  to  be  readily  found  are  usually  stakes,  of  size  and  strength 
suffident  to  guard  against  the  risk  of  their  being  disturbed.  In 
most  cases  they  should  be  driven  to  the  head,  or  nearly  so.  If^  for 
a  puticQlar  staldon-mark,  greater  permanence  is  desired  than  can 
be  obtained  by  means  of  a  stake,  a  block  of  stone  may  be  used, 
hsTing  a  croas  cut  on  its  upper  surfaca 

When  a  mark  fixed  at  the  station  itself  would  be  liable  to  be 
distmbed,  four  stakes  may  be  driven  so  that  the  intersection  of  the 
straight  lines  joining  them  diagonally  may  mark  the  station;  or 
tv-o  or  more  stakes  may  be  driven,  and  the  distances  of  the  station 
from  them  meajsured  and  noted  down;  or  the  distance  of  the  station 
&Qm  any  two  or  more  well-defined  permanent  objects,  such  as 
comers  of  buildings,  may  be  measured  and  noted. down;  or  if  two 
permanent  objects  can  be  found  which  lie  in  one  straight  line  with 
the  station,  that  fiict  can  be  noted,  together  with  the  distance  of 
the  station  from  one  of  the  objects.  The  points  where  station-lines 
CTo»  fences  are  marked  by  notches  upon  timber  and  grooves  upon 
stone. 

The  signals  set  up  at  stations  to  make  them  visible  from  a  dis- 
tance usually  consist  of  poles,  with  or  without  flags.  Ordinary  poles, 
to  be  carried  about  in  the  field,  may  be  from  six  to  nine  feet 
long,  painted  in  alternate  lengths  of  black  and  white,  and  shod  with 
iitoL  For  flags,  although  white  is  the  colour  that  is  seen  farthest, 
red  is  more  generally  employed,  as  being  more  easily  distinguished 
from  somnmding  objects  by  those  who  have  no  defect  in  the  per^ 
ception  of  colour.  To  mark  the  ends  of  long  station-lines,  poles  of 
greater  lengths,  such  as  twenty  or  thirty  feet,  are  often  required; 
these  generally  need  rope  stays  to  keep  them  upright 

Great  care  shoxdd  be  taken  to  set  up  and  keep  all  poles  in  a  truly 
vertical  position;  and  tall  permanent  poles  should  be  adjusted  by 
means  of  a  plumb-line. 

For  the  temporary  marking  of  points  in  surveying  details,  bits  of 
paper  are  used,  held  in  cleft  stid^     These  are  called  "  whites." 

c 
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To  facilitate  the  ranging  of  long  station-lines,  it  is  useful  to 
choose  them,  when  opportunities  occur,  so  as  to  run  directly  towards 
some  conspicuous  existing  object,  such  as  a  tree,  a  spire,  or  a  large 
chinmey. 

22.  Th«  Bmreyiiic  Chain. — For  measuring  with  eztraordinarj 
accuracy  the  bases  of  national  trigonometrical  surveys,  rods  of  glssa 
and  of  metal  have  been  used — a  correction  for  expansion  by  heat 
being  made  either  by  (»lculation  or  by  mechanism:  also,  steel 
chains,  made  of  flat  links  connected  at  the  ends  by  pins,  and  sup- 
ported in  accurately  levelled  troughs,  the  tension  being  maintained 
constant  by  a  weight  hanging  over  a  pulley,  and  the  correctioo  for 
expansion  made  by  calculation. 

In  ordinary  surveys  for  engineering  works  so  great  a  degree  of 
accuracy  is  unnecessary;  and  the  instrument  generally  used  for 
measuring  distances  is  the  common  surveying  chain,  which  consists 
of  one  hundred  stiuight  links  of  iron  or  steel  wire  of  equal  length, 
having  eyes  on  their  ends,  and  connected  together  by  oval  ringa 
There  are  usually  three  of  those  rings  between  each  pair  of  straight 
links.  The  joints  of  the  rings,  and  those  of  the  eyes  of  the  links, 
should  be  welded :  the  chain  is  thus  rendered  much  less  liable  to 
stretch  than  if  those  joints  are  open.  Each  distance  of  ten  links 
from  either  end  of  the  chain  is  marked  by  a  peculiarly  shaped  piece 
of  brass,  so  that  the  mark  at  ninety  links  from  one  end  is  similar 
to  that  at  ten  links,  that  at  eighty  links  to  that  at  twenty,  and  so 
on,  the  middle  of  the  chain  being  marked  by  a  round  piece  of  brasH. 
At  each  end  of  the  chain  is  a  handle. 

The  chain  should  measure  its  correct  length  from  outside  to  oiU- 
side  of  the  hcmdles. 

As  every  chain  which  is  in  daily  use  in  the  field  is  liable  to  have 
its  length  increased  by  the  continual  strain  upon  it,  and  diminished 
by  the  bending  of  the  links,  and  by  dirt  getting  into  the  rings,  it 
ought  to  have  its  length  tested  every  day  by  comparison  with  a 
''  standard  chain,*'  used  for  the  sole  purpose  of  testing  other  chains, 
or  with  two  marks  on  a  wall,  or  on  a  pair  of  stakes,  whose  distance 
apart  has  been  very  accurately  adjusted.  The  length  of  the  working 
chain,  when  found  to  be  erroneous,  can  be  corrected  by  straighten- 
ing the  links  and  cleansing  the  rings,  and  by  hammering  the  latter 
so  as  to  make  them  longer  or  shorter  as  may  be  required. 

The  chains  most  commonly  used  in  Britain  are,  "Gunter's  Chain" 
of  66  feet  (in  which  each  link  is  '66  of  a  foot  or  7*92  inches),  and 
the  chain  of  100  feet  The  advantages  of  Gunter's  chain  axe,  its 
being  an  exact  decimal  fraction  of  a  mile  (one-eightieth,  or  '01 2d), 
and  the  square  described  upon  it  being  one-tenth  of  an  acre.  The 
100-foot  chain  has  the  advantage  of  giving  at  once  dimensions  in 
feet,  which  are  convenient  in  the  calculation  of  quantities  of  work 
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When  a  ''chain"  is  spoken  of  without  qnalificatioD^  Gunter's  chain 
18  meant 

The  chain  is  usually  accompanied  by  ten  skewers  called  "arrows," 
made  of  iron  or  steel  wire,  having  a  point  at  one  end  and  a  lai^ 
rmg  at  the  other,  marked  with  a  piece  of  red  cloth  to  make  it 
visible  from  a  distance.  Some  surveyors  pr^er  to  use,  in  chaining 
long  lines,  nineteen  arrows,  nine  of  iron  or  steel,  and  ten  of  lo^ss. 

The  chain  is  carried  by  two  men,  called  respectively  the  ''leader'* 
and  the  ''follower.**  In  measuring  the  length  of  a  station-line,  the 
follower,  in  a  crouching  attitude,  holds  one  end  at  the  commence- 
ment of  the  line,  and  the  leader,  carrying  with  him  all  the  arrows, 
fixes  his  eyes  on  the  object  which  marks  the  distant  end  of  the  line, 
and  walks  straight  towards  it,  dragging  the  other  end  of  the  chain 
along  with  him.  When  the  chain  is  tightened,  the  leader  crouches 
down  at  one  side  of  the  line,  holding  near  the  ground  an  arrow 
exactly  upright,  in  the  same  hand  which  grasps  ihe  handle  of  the 
chaiiL  The  follower  sees  that  the  chain  is  tight,  straight,  and 
unentangled,  and  directs  the  leader  by  words  or  gestures  so  as  to 
make  huu  stick  the  arrow  into  the  ground  exactly  in  the  align- 
ment.* The  leader  and  follower  then  rise,  and  advance  until  the 
f>Uower  reaches  the  arrow  that  marks  the  end  of  the  first  chain- 
length,  and  proceed  to  lay  off  a  second  chain-length  and  fix  a  second 
arrow  as  before,  and  so  on.  The  follower  picks  up  the  arrows  as  he 
adMinces,  so  that  by  counting  the  arrows  in  his  hand  he  can  tell  at 
any  moment  how  many  entire  chain-lengths  have  been  measured 
On  fixing  the  tenth  arrow,  the  leader  cries  in  a  loud  voice  "  ten,** 
or  "change;**  the  surveyor  notes  in  his  field-book  that  ten  chains 
have  been  measured ;  the  leader  stands  still  imtil  the  follower  has 
advanced  to  him  and  handed  him  the  nine  previously  picked-up 
snows;  the  follower  holds  his  end  of  the  chain  at  the  mark  made 
by  the  tenth  arrow,  which  the  leader  (if  there  are  ten  arrows 
only)  then  picks  up,  and  advances  with  all  the  ten  arrows  in  his 
band  to  commence  the  measurement  of  the  next  ten  chains.  If 
there  are  nine  iron  arrows  and  ten  brass  ones,  the  leader,  having 
expended  all  the  iron  arrows  in  marking  the  first  nine  chains,  marks 
the  end  of  the  tenth  chain  with  a  brass  arrow;  and  when  the 
£oUower  comes  up  to  him,  takes  only  the  nine  iron  arrows,  leaving 
the  brass  arrow  to  be  picked  up  by  the  follower  when  the  next 
chain-length  has  been  measured.  In  this  case  the  follower,  at  any 
moment,  can  tell  the  number  of  entire  tens  of  chains  which  have 

*  Mr.  HaikoTl  (Ett^meaing  Field-work')  jadicioiuly  nootnmendfl  that  words  alone 
ba  iMd  tor  Hun  porpoae,  in  order  that  the  leader  may  fix  his  eyes  on  the  amnr,  and 
keep  it  exactly  vertical,  the  follower  directing  him  to  move  it  to  one  side  or  the 
other  fay  saying  ^to  yon"  and  **lrom  yon,'*  and  to  fix  it  in  the  groond  by  the 
void  •'mark." 
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been  chained  by  counting  the  braes  bitowb  in  his  hand,  and  tlie 
number  of  chains  over  and  above  the  entire  tens  of  chains  by  ooant^ 
ing  the  iron  arrows;  and  thus  a  check  is  kept  upon  the  number  of 
entire  tens  of  chains  noted  in  the  surveyor's  field-book.  At  the 
end  of  each  hundred  chains  the  leader  receives  back  all  the  brass 
arrows  as  well  as  the  iron  ones. 

If  the  leader  takes  care  while  advancing  to  keep  his  eyes  fixed 
on  the  signal  at  the  distant  end  of  the  line,  he  will  be  able  to  drag 
the  chain  forward  in  the  true  alignment  with  very  little  direction 
from  the  follower. 

The  follower  while  advancing  should  allow  the  chain  to  slacken, 
and  should  take  care  to  keep  it  clear  of  the  arrow,  and  of  objects 
which  may  entangle  it. 

As  the  chaining  goes  on,  the  surveyor  notes  the  distances  from 
the  commencement  at  which  the  station-line  crosses  all  fences, 
boundaries,  banks  of  streams,  sides  of  roads,  and  other  objects  to 
be  shown  on  the  plan;  also  where  it  crosses  other  station-lines,  and 
where  points  occur  suitable  for  intermediate  stations  in  the  survey. 

23.  Ohalnlag  oa  m  DecHrlty— Redncttoa  to  tke  IiervL — In  chain- 
ing  up  or  down  a  slope,  the  distance  actually  measured  must  be 
reduced  on  the  plan  to  the  projection  of  that  distance  on  a  hori- 
zontal plane.  The  most  convenient  way  of  effecting  this  is  by 
means  of  a  correction  in  links  and  fractions  of  a  link  to  be  deducted 
frx>m  each  chain.  This  correction  being  known,  may  be  ^plied 
mechanically  during  the  chaining,  by  pulling  the  chain  forward  at 
each  chain-length  through  a  distance  equal  to  the  required  correction. 

The  following  are  various  formulae  for  computing  the  correction : — 

When  the  angle  of  inclination  has  been  measured  by  a  ''clino- 
meter*' or  other  angular  instrument; 

Correction  in  links  per  chain,  =  100  x  versed  sine  of  inclination,  (1.) 

When  the  vei*tical  £edl  in  links  for  each  chain  of  distance  on  the 
slope  is  known; 

Correction  in  links  per  chain  =  100  -  ^10,000 -felT*;  (2.) 

and  when  the  slope  is  gentle,  the  following  approximate  formula 
will  answer : — 

fall^ 
Correction  in  links  per  chain  =  a^-  nearly (3.) 

To  save  calculation,  most  clinometers  and  theodolites  have  the 
correction  for  declivity  marked  on  the  "limb"  or  graduated  arc 
on  which  angles  in  a  vertical  plane  are  measured. 

Experienced  surveyors  learn  to  estimate  this  correction  with 
considerable  accuracy  by  the  eye. 

Its  use  may  often  be  dispensed  with  by  stretching  the  chain  in  a 
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bcHnaoxntal  pomtion;  the  up-hill  end  touching  the  ground,  and  the 
point  on  the  ground  exactly  below  the  down-hill  end  being  found 
hy  means  of  a  plumb-line,  or  a  ranging  pole  held  vertically,  or  by 
diopping  an  arrow  or  a  stone.  This  process  is  called  iUpping,  and 
may  be  carried  on  by  half-chains  or  shorter  distances,  instead  of 
whole  chains,  on  very  steep  ground. 

24  OActo  (to  which  reference  has  already  been  made  in  Article 
9,  DivisicMa.  L,  p.  8)  are  ordinates  or  transverse  distances,  measured 
from  known  points  in  a  station-line  to  objects  whose  position  is  to 
be  ascertained;  such  as  bends  and  intersections  of  fences,  of  the 
sides  of  roads,  of  the  banks  of  streams,  and  a£  other  boundaries, 
comers  of  buildings,  and  so  fortL  The  surveyor  notes  in  his  field- 
book  the  distance  in  links  from  the  commencement  of  the  station* 
line  at  which  the  ofi&et  is  made  (  A  By  fig.  1,  p.  8),  and  the  length 
of  the  ofiset  (B  0  in  the  same  figure);  the  side  of  the  page  on  which 
the  latter  is  noted  showing  at  which  side  of  the  station-line  the 
offset  lies,  as  will  be  further  ea^lained  in  Article  28. 

Offsets  are  almost  always  at  right-angles  to  the  station-Una  To 
ensure  acooracy  they  should  seldom  exceed  about  one  chain  in  length 
(although  ofibets  of  two  or  three  chains  may  be  made  to  boundaries 
which  are  neariy  parallel  to  the  station-line);  and  the  secondary 
station-lines  from  which  the  details  cf  the  ground  are  surveyed 
should  be  laid  out  aoc(»dingly.  The  position  and  direction  of  short 
ofl&etB  may  be  laid  off  by  i£e  eye;  but  the  longer  offsets,  especially 
if  th^  run  to  important  objects,  should  be  laid  off  by  letting  fall  a 
petpendicnkr  from  the  object  (at  which,  if  necessary,  a  pole  or  a 
''white**  may  be  placed)  upon,  the  station-line,  by  means  of  the 
"croes-staflT  or  of  the  ''optical  square." 

The  Crow-Staff  is  simply,  a  staff  with  a  spike  on  the  lower  end, 
and  two  pair  of  sights  at  right  angles  to  each  other  at  the  upper 
cndi 

The  Optical  Square^  whidi  has  almost  superseded  the  cross-sta^ 
ii  a  brass  box,  conteoning  two  small  silvered  plate-glass  mirrors, 
whose  planes  make  with  each  other  an  angle  of  45^;  so  that  eveiy 
ray  of  Hght  which  falls  upon  the  first  mirror,  and  is  thence  reflected 
to  the  second  minor,  is  again  reflected  from  the  second  mirror  in  a 
direction  at  rigid  angles  to  its  original  direction.  A  portion  of  the 
second  mirror  is  unsilvered,  so  that  the  surveyor  can  see  through 
ii  He  places  himself  on  the  station-line,  and  looks  through  the 
unsilvered  glass  towards  the  signal  at  one  end  of  it,  and  then  moves 
backwards  and  forwards  along  the  station-line  until  he  sees  the 
reflected  image  of  the  lateral  object  apparently  coinciding  in  dfrec-. 
tion  with  the  signal  on  the  station-line;  the  directions  of  those  two 
objects  are  then  at  right  angles,  and  the  point  on  the  ground  directly 
below  the  optical  square  is  the  commencement  of  the  ofiaet  required. 
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To  adjust  the  optical  square,  make  a  rest  for  it  by  driying  a  picket 
or  small  post  (which  may  be  called  A)  four  and  Srhalf  or  five  feet 
high,  with  a  flat  top.     Set  up  a  pole  two  or  three  chains  off  in  any 
convenient  direction  (which  pole  may  be  called  B);  look  towards  it 
through  the  unsUvered  glass;  send  an  assistant  to  set  up  a  second 
pole  (C)  in  such  a  direction  that  its  reflected  image  apparently 
coincides  in  direction  with  B.     Then  the  lines  A  B  and  A  C  are  or 
ought  to  be  at  right  angles.     In  the  same  way,  let  the  assistant  set 
up  a  third  pole^  D,  at  the  same  angular  distance  from  C,  and  a 
fourth  pole,  E,  at  the  same  angular  distance  from  D.     Then  on 
looking  directly  towards  £,  if  the  optical  square  is  correctly  adjusted, 
the  reflected  image  of  B  will  be  seen  apparently  coinciding  in  direc- 
tion with  E.    Should  it  not  be  so,  correct  one  quarter  of  the  error 
by  means  of  the  adjusting  screw  which  acts  upon  one  of  the  mirrors, 
and  repeat  the  whole  operation  imtil  the  adjustment  is  exact 

The  purpose  of  an  optical  square  may  be  answered  by  a  6oa> 
MO^aaU,  the  index  being  set  to  90°.  This  instrument  will  be 
described  in  Chapter  IIL  lines  at  right  angles  to  each  other 
may  sometimes  be  marked  on  the  ground  by  setting  out  with  the 
tape-line  or  chain  a  light-aDgled  triangle  of  any  convenient  dimen- 
sions ;  the  proportions  of  the  sides  being  determined  by  the  principle^ 
that  the  sum  of  the  squares  of  the  sides  which  enclose  the  right 
angle  is  equal  to.  the  square  of  the  hypothenuse,  or  side  opposite 
the  right  angle. 

Amongst  the  proportions  of  whole  numbers  which  fulfil  that 
condition  are  the  following : — 


Sides  endodng  the 

Hypo- 

right  angla 

theaaae. 

3 

4 

:         5 

5 

12 

:       13 

7 

24 

:      25 

8 

15  • 

:      17 

20 

21 

:      29 

The  most  useful  of  these  i 

)roportions 

is  the  first  and  simplest, 

3        ' 

4 

:        S-* 

*  The  following  19  a  geooral  method  for  finding  any  number  of  sets  of  whole  Bum^ 
ben  which  are  proportional  to  the  sides  of  right-angled  triangles. 

Choose  any  two  nnmbers  whatsoever,  m  and  n,  m  being  the  greater;  and  if  they 
are  either  botti  even,  or  both  odd,  make 


X  =s  mn;  y  = — 


a  s. 


2 


bat  if  one  is  even  and  the  other  odd,  mnltiply  each  of  the  above  expressions  by  2. 
Then,  aj*+y*=i8"; 

and  X,  jf,  and  z  are  propordooal  to  the  three  sides  of  a  right-angled  triangle,  a  oorr&- 
spondi^  to  the  bypothenaaei 
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Wben  two  persons  are  svailAble  to  measure  the  lengtiis  of  oflbetn^ 
aUbBT  a  second  chain  or  a  Tape-line  may  be  used.  The  smreyor 
ma  J  measure  offsets  without  assistance  with  the  offseMa^y^^a  light 
and  strong  wooden  pole  tipped  with  brass  or  iron^  ten  links  long 
from  end  to  end,  and  divided  into  links. 

25.  ampiii  ogini«  may  be  made,  if  oanvenient,  witl 
an  angular  instrument,  such  as  a  box-sextant  or  a  light 
theodolite,  to  measure  the  angles  which  they  make  with 
the.8tBtion-lin&  But  in  surveying  by  linear  measure* 
ments  alone,  oblique  ofEbets  are  made  in  pairs  from 
difoent  points  in  the  station-line  to  the  same  object^ 
in  order  to  determine  its  position  with  more  accuracy 
ilian  is  attainable  by  a  single  rectangular  oBaeL  For 
example  (see  i^  4.),  the  position  of  the  object  D  is 
fbiond  by  measuring  to  it  a  pair  of  ofisets,  B  D,  0  D, 
from  two  different  points,  B  and  C,  in  the  station-line 
ABC.  This  process,  in  fitct,  belongs  to  the  method  of 
surveying  by  iriangieB,  B  D  0  being  a  triangle  of  which 
the  three  sides  are  measured. 

The  nearer  the  angle  between  the  two  ofEsets,  ^. 
EDO,  apjHtiacbes  to  a  right  angle,  the  more  accurately 
is  the  position  of  the  object  deteimined;  and  care 
should  therefore  be  taken  to  make  that  angle  neither  vecy  acute 
nor  veiy  obtuse. 

If  a  dieck  on  the  nacoxBCf  of  the  opecation  is  desired,  a  third 
o&et,  £  D,  may  be  measured  to  the  object  from  a  third  pointy  B, 
in  the  station-line. 

The  principal  objects  for  which  the  additional  aoouraoy  given  by 
oblique  offsets  is  desirable,  are  comers  and  inter- 
sn^ons  of  boundaries^angles  of  buildings,  mile-posts, 
and  the  like.  When  the  object  is  a  comer  of  a 
boilding,  such  as  D  in  fig.  5,  it  is  convenient  to  make 
eadi  of  the  ofEsets,  if  possible  (or  at  all  events  one 
of  them),  lie  in  a  straight  line  with  a  faoe  of  the 
boilding,  and  so  to  determine  the  direction  of  such 
&oe  or  fiMses. 

No  general  rules  can  be  laid  down  for  surveying 
the  details  of  en  intricate  building,  except  that  in 
many  cases  a  rectangle  may  be  set  out  so  as  to 
eodose  it,  and  the  sides  of  that  rectangle  used  as 
station-lines  from  which  to  take  omets  to  the  fiioes 
and  comers  of  the  building.  To  survey  some 
boildingB  completely  it  is  necessary  to  have  access 
to  ^e  insida 

26.  CteiiMi  VHaaglM'— It  has  already  been  stated  in  Articles 
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9  and  12,  that  the  relative  positionB  of  different  station-line%  and 
of  the  stations  which  they  connect^  are  determined  by  so  arrangiii^ 
tbem  as  to  form  a  complete  network  of  triangles  over  the  diHtrict 
surveyed.  In  the  absence  of  angular  instruments,  the  figure  of 
each  of  those  triangles  must  be  determined  bj  measuring  with,  the 
chain  the  length  of  each  of  its  8ide& 
In  fig.  6,  let  A  B  represent  a  station-Une  whose  length  and 

position  are  known;  C,  a  third  station  lying 
'^  out  of  the  line.  Then  by  measuring  the  two 
remaining  sides^  AC,  BO,  of  the  triangle 
A  B  C,  so  that  the  lengths  of  all  its  three 
sides  may  be  known,  the  position  of  C  is 
determined. 

Agreeably  to  the  principle  already  noted 
in  the  last  article,  that  determination  is  the 
more  accurate  the  less  the  angle  AOB  differs 
from  a  right  angle.     Supposing  a  certain 
Fig.  6.  error  to  have  been  committed  in  measuring 

one  of  the  lines  BO  or  AO,  the  consequent  error  in  findiog  the 
position  of  O  is  equal  to  the  original  error  if  AO  B  is  a  right  angle  ; 
but  if  that  angle  is  either  acute  or  obtuse,  the  error  in  the  position 
of  0  is  greater  than  the  original  error  in  the  proportion  of  the 
coaecarU  of  the  angle  AOB  to  radius. 

Triangles  in  which  the  angle  at  the  point  to  be  determined  is  less 
than  30^,  or  more  than  150%  axe  said  to  be  ''  iU-candUioned,**  and 
axe  avoided  by  skilful  surveyors.  In  an  ill-conditioned  triangle,  the 
error  in  the  position  of  0  is  more  than  double  of  the  corresponding 
airor  in  the  measurement  of  a  side  of  the  triangle. 

The  accuracy  of  the  measurements  in  eveiy  important  triangle 
should  be  checked  by  measuring  a  '*  tic'line,**  from  one  of  its  angles 
to  a  known  point  in  the  opposite  side,  such  as  0  D  in  fig,  6.  The 
agreement  of  the  length  of  that  line  with  the  result  of  the  measure- 
ments of  the  sides  may  be  tested  on  the  plan  when  plotted.  It  may 
also  be  tested  by  calculation ;  for  if  all  the  measurements  are  correct, 
the  following  equation  will  be  verified^ 

27.  Cteps  te  siattoB-litaM*. — ^A  long  station-line,  otherwise  well 
adapted  for  its  purpose,  may  have  one  or  more  places  in  its  course 
through  which,  owing  to  the  intervention  of  buUdings,  woods^ 
precipices,  water,  swamp,  or  other  obstacles,  it  may  be  difficult  or 
impossible  to  chain  along  the  line  with  accuracy  3  and  in  some  cajsea 
also  it  may  be  impossible  to  range  the  line  directly  across  the 
obstacle.     These  difficulties  are  most  readily  met  by  the  use  of 
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angnliu'  instmrnants ;  bat  in  the  absence  of  suoib  uutramentSy  the 
chun  alone  may  be  used,  aooording  to  methods  which  may  be 
varied  to  sait  the  circumatances  of  each  particular  case. 

Three  kinds  of  cases  maj  be  distinguished : — FirH,  those  in 
which  the  obstacle  can  be  seen  over  from  side  to  side,  and  chained 
lonnd,  but  not  chained  across.  Seoandlp,  those  in  which  it  can 
neither  be  seen  over  nor  chained  across,  but  can  be  chained 
round ;  and  Thirdly ^  those  in  which  the  obstacle  can  be  seen  over, 
but  neither  be  chained  across  nor  chained  round. 

In  each  of  the  figures  that  illustrate  this  article,  the  inaccessible 
part  €i  the  station-line  is  marked  by  dots,  and  the  direction  in 
which  the  measurement  proceeds  is  indicated  by  an  arrow. 

Case  I. — When  the  dbstade  cam,  he  seen  over^  the  first  operation 
IS  to  plant  a  ranging  pole  in  the  station-line  at  the  further  side  of 
the  obstacle ;  and  the  problem  to  be  solved  is,  to  find  the  distance 
to  that  pole  from  some  point  already  chained  to  on  the  nearer 
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FiBST  Method  (By  a  parallel  line,  see  fig.  7). — 
Let  A  and  J)  be  marks  at  the  nearer  and  farther 
ades  of  the  obstacle  respectiTely.  By  the  optical  square 
or  otherwise,  range  A B,  DO,  at  right  angles  to  the 
station-line;  make  these  perpendiculars  equal  to  each 
oUier,  and  of  any  length  that  may  be  requisite  in  order  to 
diain  past  the  obstacle  along  B  0,  whidi  will  be  parallel  ^ 
sad  equal  to  A  D,  the  distance  required ;  that  is  to  say, 

AD  =  BC (1.) 

Sboobd  Mrhod  (By  a  triangle,  see  fig.  8).— A  and 
I)  as  befi:>re  being   points  in  the  station-lme  at  the  nearer  and 
further  sides  of  the  obstacle,  set  out  a  triangle  A  B  C  of  any  form 
and  size  that  will  conveniently  enclose  the  obstacle, 
subject  only  to  the  conditions,  that  B  and  C  are  to 
be  ranged  in  one  straight  line  with  D,  and  that  ^^^"^^..^  p 
the  angles  at  B  and  0  are  neither  to  be  very     \  — ^c 

acute  nor  very  obtuse.  Measure  with  the  chain  the       \  / 

l^igthsAB,  AC,  BD,DC.  Then  the  inaccessible         \        / 
distazice  A  I)  is  given  by  the  formula.  \   /    * 


AD^y^  ^^^:£^±^^m,BD'CJ>};(2.) 


I 


the  computation  of  which  will  be  much  facilitated  j.    ^ 

by  the  use  of  a  table  of  squares. 

That  distance  may  also  be  found  by  plotting  the  triangle  and 
the  point  D  in  its  base  on  a  sufficiently  large  scale,  and  measuring 
A  D  on  the  paper. 


26 
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The  figure  of  the  obstacle  may  he  surveyed  hy  oflbets  from  tlio 
sides  of  the  triangle. 
Thibd  Method  (By  two  triangles,  see  fiig.   9).  —Let  h    and 

cbe  points  in  the  station-line  at  the  ne&rer 
and  further  side  of  the  obstacle  respectivelj-- 
From  a  convenient  station  A,  chain  the  lines 
A  6,  A  c,  being  two  sides  of  the  triangle  A  b  C} 
connect  those  lines  by  a  line  B  0  in  any 
position  which  will  form  a  well-conditioncjd 
triangle  A  B  C,  of  as  large  a  size  as  is 
practicable:  measure  its  three  sides.  Tlien 
the  inaccessible  distance  is  given  by  the 
Pip.  9.  formula^ 

6c=>Y/{A6«  +  Ac»^;^^lAf.(AB2+AC«-BC«)}.(3.) 

The  following  modification  of  this  formula,  though  less  simple  in 
appearance,  is  iD^tter  adapted  to  computation  by  the  help  of  a  table 
of  squares; 

*^-V    t  (ABTXC)2-(AB-.ACf 


(ABa  +  AC!«-BC2).  I (3A.) 


The  points  B  and  C  are  shown  in  the  first  instance  as  lyin^ 
between  A  and  the  station-line;  but  if  necessary,  they  may  be 
taken  in  the  prolongations  of  A  e  and  A  h  beyond  the  station-line,  as 
at  B'  and  C,  or  in  their  prolongations  beyond  A,  as  at  B"  and  C^, 
and  the  same  formula  will  still  apply. 

The  formula  is  much  simplified  if  A  B  and  A  C  can  be  laid  off  so 
as  to  be  respectively  proportional  to  A 6  and  Ac;  for  then  the 
triangles  ABC  and  A  6 cbecome  similar^  B  0  is  parallel  to  6  c,  and 
the  inaccessible  distance  is  simply 


5<j  =  BC 


A6 
AB 


(4.) 


In  this  method,  as  well  as  in  the  preceding,  the  inacoeaaible  dift* 
tance  may  be  found  by  plotting. 

Cass  II. — Whari  the  obstacle  can  be  chamed  rounds  but  not 
chcmied  across  nor  seen  over. 

FiBST  Method  (By  parallel  lines^  see  fig.  10).  —  From  A  and 
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B,  two  pamtB  in  the  station-liiie  on  the  nearer  side  of  the  obstacle, 
and  at  least  aa  fisir  apart  as  the  distance  acroes  it  is  judged 
to  be,  lay  off^  by  the  optical  square  or  otherwise,  the 
eqoal  perpendiculars  A  C,  B  D,  of  length  sufficient  to  ' 
enable  a  straight  line  O  I>  £  F,  parallel  to  the  station- 
liDe,  to  be  raided  and  chained  past  the  obstacle.     Com- 
meooe  the  riminiTig  of  this  parallel  line  at  D,  in  con-  » 
tmuation  of  that  of  the  station-line  at  R     As  soon  as  the 
obBtacle  is  passed,  lay  off  the  perpendicular  £  G  equal  to 
A  C  and  6  D ;  then  G  will  be  a  point  in  the  station- 
Hne  beyond  the  obstacle,  and  the  inaccessible  distance 
wfflbe 

BG  =  DE , (5.) 


By  firmtinin^T^g  the  parallel  line  and  repeating  the  same  c' — |a 
pnoeaSy  additioDal  points  in  the  station-line,  such  as  H,    ^ 
iBsy  be  found.  ^^^ 

Sboohi>  Mkthod  (By  similar  triangles,  see  fig.  11). — From  a 
pomt  A,  as  Skt  back  as  practicable  from  the  end  B  of  the  chained 
itation-line  on  the  nearer  side  of  the  obstacle, 
range  two  diverging  lines  A  F,  A  £,  past  the 
two  sides  of  the  obstacle,  in  which  measure  the 
distances  A  D,  A  C,  of  two  points  D  and 
which  lie  in  one  straight  line  with 
tiniie  the  chaining  of  A  F  and  A 
those  distances  rei^ectiyely  proportional 
and  AC,  so  that  ADC  and  AF£  may  be  \         / 

similar  trianglea   Measure  D  C,  in  which  note  \    / 

tlie  podtion  of  B.     Measure  £  F,  in  which  y 

take  the  point  G,  dividing  £  F  in  the  same 
ratio  in  which  B  divides  C  D ;  then  G  will  be 
a  point  in  the  station-line  beyond  the  obstacle ; 
and  points  still  further  on  may  be  found,  if 
neoesBaiy,  by  a  similar  process. 

The  inaccessible  distcince  B  G  is  found  by  the  formula, 


ue, 

ihe  I 

ctVi-^i 

ith  R     Con-      \        [  / 

L  £,  and  make        \      !  / 

rtionaltoAD        ^\T*--yb 


'I 


Fig.  11. 


BG= 


ABCE 


AC 


.(6.) 


The  boundaries  of  the  obstacle  can  be  surveyed  by  ofisets  from 
the  sides  of  the  quadrilateral  CD  FR 

TmsLD-  Method  fBy  transversalB,  see  figs.  12,  13).  — Let  a  and 
h  be  two  points  in  tne  chained  station-line  at  the  near  side  of  the 
obstacle,  about  aa  far  apart  as  the  inaccessible  distance  &  c  is 
judged  to  be.     Mark  a  station  C  so  as  to  form  a  weU-conditioned 
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triangle  with  a  and  b;  prolong  the  lines  b  C  and  a  C  nntal  t^ro 
points  A  and  B  are  reached  through  which  a  straight  line  can  l>e 
ranged  and  chained  past  the  further  side  of  the  obstacle. 

In  some  cases  it  may  be  advisable  to  begin  by  choosing  tihe 
stations  A  and  B,  then  to  choose  C,  and  then  to  range  the  lines 
BCa,  and  AC&  (aa  in  fig.  12),  or  A  60  (as  in  fig.  13). 


Fig.  12.  Fig.  13. 

(  All  the  sides  of  the  two  triangles  ABC,  a6C,  are  to  ba 
measured. 

Then,  to  find  the  point  cat  the  interaeeiion  of  the  staUon-line  with 
A  B,  compute  the  distance  of  that  point  from  B  by  one  or  other  of 
the  following  formulis : — 

If  c  lies  in  A  B  produced,  as  in  fig.  12, 

Tl.        ABaBftC  .^. 

If  c  lies  between  A  and  B,  as  in  fig.  13, 

Next,  to  find  the  maecessible  distance  b  c,  use  the  following  formula 
(which  is  applicable  to  both  figures)  : — 

^'"''OAaB-AftBC- ^  ^^ 

The  same  problems  may  also  be  solved  by  plotting  the  figiu^ 
a  5  c  A  B  C  a,  and  producing  a  b  till  it  cuts  A  B,  as  in  ^.  13,  or 
A  B  produced,  as  in  fig.  12.  In  a  purely  mathematical  point  of 
view,  it  is  unnecessary  to  measure  both  A  B  and  a  6^  as  either  of 
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tikose  Unes  nught  he  calculated  from  the  other ;  bat  both  should 
nerertheleaa  be  chained,  as  a  check  on  poBsible  errors.* 

Case  HL — When  the  oksta/de  can  he  mm  ovety  hut  neiiher 
domed  aeroa  nor  diained  round     This  is  the  case  of  a  station- 
line  interrapted  by  a  deep  ravine,  or  a  deep  and 
rapid  river.    The  first  operation,  as  in  Case  I,  is  to    I 
range  and  fa.  a  pole  at  c  (fig.  14)  in  the  station-     I 
hne  b^oad  the  obstacle     The  next  is  to  find  '- 
the  distance  be 

FmsT  Mjrhod  (By  transveisals). — On  the  nearer 
fide  of  the  obstacle,  range  the  stations  A  and  B  in  | 
a  straight  line  with  e,  making  the  an^e  (  e  B 
greater  ihsn  30°,  and  place  them  so  that  the  inter- 
secting lines  A  &,  B  a,  connecting  them  irith  two  * 
pointa  a  and  h  in  the  station-line,  shall  form  a  pair 
€f  wdl-conditioned  triangles  a  5  0,  A  B  C,  as  in  the  ' '  ng.  14. 
last  problem.  Measure  l£e  sides  of  tiiese  triangles, 
and  compute  the  inaccessible  distance  hehj  equation  8,alread7 given. 
As  a  dkeck  upon  the  position  thus  found  for  the  point  c,  com- 
pute also  the  inaccessible  distance  B  c  by  means  of  equation  7. 

This  problem  is  solved  graphically  by  plotting  the  figure  ab 
«  A  B  C  a,  and  producing  a  b  and  A  B  till  they  intersect  in  ct 

Sboohd  Method  (By  the  optical  square,  when  the  xnacoeBsible 
distance  does  not  much  exceed  three  or  four  chains,  y 

see  ^.  15).     B  B  being  the  inaccessible  distance,  at  / 

B,  wiih  the  optical  square,  set  out  B  C  perpendicular  / 

to  the  station-line,  and  of  a  length  such  as  to  make         / 
B  C  D  a  well-conditioned  triangle.     At  C,  with  tiie     / 
optical  square,  range  C  A  perpendicular  to  C  D,  •'^^^ 
catting  the  station-line  in  A.     Measure  A  B,  B  0 ;      ^s. 
then  ^ 

BD  =  ?? (9.) 

AB  ^    '  Fig.  16. 

*  The  foDowiiig  an  the  fbmrabe  for  caknUiting  A  B  from  a  6  :— 

In  Tig.  12;   AB=a/   JbC+CA«      f  q  .c^gC-f  C  <»  — ay)|  . 

Id  Fig.  18;    AB  =  a/  JbC  +  C  A«+-j-^^-^.  (6C"+C<i"-a6o|  . 

To  oompate  a  h  from  A  B,  interehange  the  podtione  of  A  and  a,  B  and  6,  thitmgfa- 
out  the  atxyre  forffivls.  

t  The  lolotioiii  of  thto  and  the  preoedfaig  problem  are  founded  on  the  first  tbeoram 
In  CinoC'e  cd/dnrated  eHaj  On  Ae  Theory  o/TnumenaU;  m  branch  of  Geometry 
«t  ooee  ample  in  its  prindpfes  and  osefol  in  its  applicatioos,  but  little  known  or  studied. 

The  calcolation  represented  by  the  formula  7,  when  each  of  the  given  distances  is 
expnased  by  four  figures,  has  been  found  to  0GCiq>7  about  five  ndantes. 
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Methods  for  measuring  gaps  in  station-lines  by  the  aid  oT  angular 
instruments  will  be  explained  in  Chapter  III. 

28.  Fieid«B«ok« — ^The  writing  and  sketching  in  field-books  ia 
made  either  with  ink  or  with  an  indelible  pencil  If  the  book  can 
be  protected  from  rain,  ink  is  to  be  preferred. 

The  field-book  of  a  survey  shotdd  commence  with  a  sketch 
showing  the  general  arrangement  of  the  stations  and  station- 
lines  relatively  to  the  more  conspicuous  objects  on  the  ground  to 
be  surveyed,  made  by  the  surveyor  when  he  explores  the  country, 
as  mentioned  under  head  (a)  of  Article  12,  page  12.  Those  stations 
may  be  distinguished  by  letters  or  by  numbers.  Principal  stations 
are  usually  marked  thus  A*  The  remainder  of  the  book  will  con* 
tain  the  detailed  notes  of  the  distances  chained  along  the  several 
station-lines,  and  the  offsets  measured  from  them. 

In  order  that  forward  and  backward,  right  and  left,  on  the 
ground,  may  be  represented  by  forward  and  backward,  right  and 
lefb,  in  the  book,  the  successive  notes  written  on  each  page  begin 
at  the  bottom  and  proceed  towards  the  top;  and  the  pages  Rre 
numbered  from  right  to  left.  In  the  middle  of  each  page  is  a 
vertical  column  broad  enough  to  contain  numbers  of  ^ve  or  six 
figures.     That  column  represents  the  station-line. 

The  surveyor  begins  at  the  bottom  of  the  first  page,  by  writing  in 
the  central  column  a  letter,  or  other  mark,  to  denote  the  station  at 
which  the  line  about  to  be  chained  commences,  and  beside  it,  a 
note  stating  between  what  stations  the  line  runs :  for  example, 
''from  A  to  B."    As  the  chaining  advances,  he  notes  in  the  central 
column,  proceeding  upwards,  the  distances  at  which  the  station-line 
crosses  boundaries,  and  traverses  intermediate  stations,  and  at 
which  ofiSsets  are  taken.     Each  distance  of  an  intermediate  station 
from  the  commencement  is  distinguished  by  enclosing  it  in  an 
oblong  or  oval,  and  writing  opposite  to  it  the  designation  of  the 
station,  together  with  a  reference  to  the  other  pages  of  the  field- 
book  in  which  the  same  station  is  referred  to,  and  a  note  of  its 
position  upon  other  station-lines  which  traverse  it.     To  the  right 
and  lefb  of  the  central  column  are  written  the  offsets  measiured  to 
the  right  and  lefb  respectively,  each  opposite  the  figures  denoting 
its  distance  from  the  commencement  of  the  line ;  and  those  offsets 
are  accompanied  by  a  sketch-plan  of  the  objects  to  which  they  are 
measured,  with  explanatory  notes  when  required. 

On  arriving  at  the  end  of  a  station-line,  the  relative  direction 
of  the  next  line  chained  may  either  be  stated  in  words — ^as,  "  turn 
to  the  right,"  "  turn  to  the  left " — or  indicated  by  symbols  like  the 
following  :  \k  ^,  At  the  commencement  of  each  new  station- 
line  will  be  stated  the  position  of  the  point  from  which  it  starts 
upon  a  fonner  station-line. 
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OUique  offietB,  amaQ  triangleSy  measurements  of  bufldinga,  and 
ihe  like,  are  best  recorded  by  sketching  a  diagram  of  the  lines 
laeasared,  and  writing  their  lengths  along  them. 

The  preceding  explanation  idiows  the  general  princi^es  accord* 
ing  to  which  field-books  of  chained  sorveys  are  kept  The  details 
Tuy  very  much  in  the  practice  of  individual  surveyors.  It  is  to  be 
recoanmended  that  every  surveyor  should  keep  his  field-book  so 
distinctly  that  it  may  be  possible  for  a  draughtsman  to  plot  the 
Eonrey  from  the  field-book  without  receiving  any  explanation  from 
tlie  sorv^or. 

29.  viattias  m  ChmtutiA  Sorer. — In  plotting  a  survey,  great  atten- 
tion should  be  paid  to  the  absolute  flatness  ci  the  drawing-board  or 
table  on  which  the  paper  is  to  be  strained  or  laid,  and  to  we  perfect 
stnightness  of  the  stnight-edge  by  which  station-lines  are  to  be 
raledL 

If  the  plan  is  to  be  moimted  on  cloth,  the  paper  should  be 
mounted  before  the  plan  is  plotted;  otherwise  the  mounting  will 
alter  its  dimensions.  On  the  whole,  it  is  better  not  to  ''  strain  "  the 
paper  on  which  a  survey  is  plotted  on  a  drawing-board,  in  the  way 
piactised  fi>r  architectural  and  mechanical  drawings ;  because,  when 
the  paper  is  cut  away  from  the  board,  and  so  relieved  from  the 
^rain,  it  will  contract,  and  perhaps  contract  unequally  in  difierent 
dirediona 

Each  day'^s  work  should  be  plotted  as  soon  as  possible  after 
havii^  been  surveyed. 

The  scale  according  to  which  the  survey  is  plotted  should  at 
once  be  drawn  on  the  plan,  when  it  will  contract  and  expand  along 
with  the  paper. 

The  plotting  is  commenced  by  marking  with  a  needle  or  pricker 
a  point  to  represent  the  first  station;  drawing  a  straight  line 
through  that  point  to  represent  the  first  station-line,  and  laying 
down  on  that  line,  with  a  pair  of  beam-compasses,  the  positions  of 
the  other  stations  which  it  traverses. 

The  operations  which  follow  consist  chiefly  in  plotting  taiangles, 
and  plotting  distances  and  o£iet& 

30.  w%maiu^  TriaiigiM* — The  great  triangles,  whose  sides  connect 
the  principal  stations,  are  to  be  first  plotted :  then  the  secondary  tri- 
angles, until  the  whole  network  is  completed.   The  4t 
operation  of  plotting  a  triangle  whose  three  sides             /  \ 

Lave  been  measured  is  as  follows: — A  and  B,  /     \ 

fig.  16,  represent  two  stations  already  plotted;         /  \ 

\h.e  distances  A  C,  B  C,  of  a  third  station  from  —^a.6  ^ — 

thoae  stations  are  known.     With  these  distances  ^*  ^^' 

as  radii,  describe  with  the  beam-compasses  a  pair  of  small  circular 
ans  about  A  and  B  respectively;  the  intersection  of  those  arcs 
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marks  the  required  station  C  on  the  plan.     Then  with  the  straight 
edge  role  the  lines  A  C,  B  C,  and  the  triangle  is  complete. 

It  is  usual,  for  the  satis&ction  of  the  engineer,  and  for  futur 
reference,  to  draw  permanently  on  the  plan,  in  a  &dnt  red  colour 
the  principal  station-lines,  forming  the  primary  network  of  triangles 
Those  lines  are  sometimes  called  ''lines  of  construction.''  In  soni< 
cases  it  is  useful  to  draw  permanently  in  the  same  way  a  |>ortioii 
of  the  secondary  network  of  triangles :  so  far,  at  least  as  they  can 
be  used  in  computing  areas. 

When  the  plan  of  a  survey  extends  over  several  sheets,  it  is 
necessary,  in  order  to  show  the  connection  between  two  adjacent 
sheets,  that  a  portion  of  at  least  one  station-line,  containing  at 
least  one  principal  station,  should  be  plotted  on  each  of  the  two 
sheets. 

31.  In  Ptottlas  DlaiBB«es,  OActa*  ud  l^atMlla,  a  flat  ivory  or  box- 
wood scale  is  laid  on  the  paper  exactly  parallel  to  the  station-line, 
and  loaded  to  keep  it  at  rest:  the  divisions  marked  on  its  edge 
represent  distances.  A  shorter  flat  scale,  having  broad  ends  exactly 
perpendicular  to  its  edges,  is  laid  on  the  paper  with  one  end  against 
the  edge  of  the  scale  for  distances :  it  is  slid  successively  to  the 
several  distances  from  the  station  noted  in  the  field-book,  and  the 
oflsets  are  laid  down  by  pricking  with  a  needle  opposite  the  proper 
graduations  on  one  of  its  edges.  Care  should  be  taken  that  the 
ofifeet-scale  is  exactly  rectangular. 

Oblique  oflsets  are  plotted  like  the  sides  of  triangles. 

In  estate  plans,  on  a  large  scale,  difierent  kinds  of  fences,  such 
as  stone-walls,  hedges,  palings,  tfea,  are  distinguished  from  each 
other  by  conventional  modes  of  marking;  but  in  plans  for  engineer- 
ing projects,  it  is  sufficient  to  distinguish  between  fenced  and  uu- 
fenoed  lines  of  division  of  land,  marking  the  former  by  plain  and 
the  latter  by  dotted  lines.  In  working  plans  on  a  large  scale,  walls 
may  be  shown  of  their  proper  thickness,  and  coloured  red.  Boun- 
daries of  parishes,  counties,  boroughs,  and  other  legal  divisions  of 
the  country,  are  marked  with  peculiarly  shaped  and  arranged  dots. 
Beads  are  coloured  drab ;  streams  and  pieces  of  water  light  blue, 
with  a  darker  shade  along  their  edges.  Dwelling-houses  are  col- 
oured light  red,  out-buildings  dark  grey,  public  buildings  light  grey. 
In  engraved  plans  buildings  are  shaded  by  diagonal  hatching. 
Railways  are  marked  by  paraUel  lines  representing  rails ;  and  in 
some  cases  these  are  crossed  by  short  fine  lines  to  indicate  sleepers. 
Canals  are  distinguished  from  streams  by  their  greater  uniformity 
of  width  and  regularity  of  course.  Trees  are  indicated  by  sketch- 
ing small  figures  somewhat  resembling  them. 

There  are  conventional  modes  of  indicating  the  nature  of  the 
sor&oe  of  the  ground,  whether  garden  ground,  arable  land,  pasture, 
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manh,  heath|  and  the  like ;  but  in  plans  for  engineering  projects  it 
is  sufficient  to  refer  by  numbers  written  on  the  plan  to  correspond- 
ing numbers  in  the  book  of  reference,  in  which  are  stated  the 
ownier  or  reputed  owner,  lessee  or  reputed  lessee,  occupier,  and 
description  of  each  portion  of  property  shown  on  the  plan. 

32L  McMHriMs  AraMk — ^The  elementaiy  methods  of  measuring 
azeas  which  are  useful  in  surveying  are  of  three  kinds: — ^tiie 
method  of  triangles, — the  method  of  ordinates, — and  the  method 
by  mechaniam. 

L  Method  of  Trianglea^ — ^Let  a,  b,  c,  denote  the  lengths  of  the 
sdes  of  a  triangle^  and 

a  +  6  +  c 
'-—2-' 

of  those  lengths;  the  area  of  the  triangle  is  given  by  the 


^kalf-i 
sonnula"- 


ATea=  iy»(<-«)(<-6)  (*-«); (1.) 

or,  using  logarithms — 

logarea»g  jlog.«  +  log.(a-a)  +  log.  («-6)  +  log.  («-c)t  (2.) 

Another  formula  is  as  follows :  let  a  be  any  one  of  the  sides  of  a 
triangle;  p  the  perpendicular  upon  that  side  from  the  opposite 
angle;  liien — 


Aiea  =  ^. 


.(3.) 


EveiT  right-lined  figure  can  have  its  area  calculated  by  dividing 
it  into  triangles,  computing  their  areas  by  one  or  other  of  the  pre- 
cediDg  fonnulse,  and  adding  them  together. 

The  areas  of  figures  with  curved  outlines  can  be  found  approzi- 
matdy  by  this  method,  preceded  by  the  process  called 
*< equalizing;"  which  consists  in  drawing  through  the 
cmred  boundaries  a  set  of  straight  lines  so  as  to  en- 
doee,  as  nearly  as  the  eye  can  jud^,  the  same  area. 

n.  The  Method  qfOrdinaies  is  applicable  to  a  long 
piece  of  ground  of  varying  breadth^  such  as  the  stripe 
of  land  required  for  a  railway,  or  the  area  repre- 
sented in  fig.  17.  An  axis  is  drawn  along  the  greatest 
length  of  &e  figure;  breadths  are  measured  along 
ordmates  at  right  angles  to  that  axis,  sufficiently  dose 
together  to  make  the  spaces  between  them  approxi- 
mate to  trapezoids.  Then  let  d  be  the  distance  along 
the  axis  between  two  adjacent  ordinates,  and  b,  b',  the 
breadths  of  the  figure  at  those  ordinates;  the  area  con- 
tained between  t^t  pair  of  ordinates  if 

D 


Fig.  17. 
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6  +  6' 

'di 

2       ' 

and  the  area  of  the  whole  figure,  being  the  sum  of  the  areas  of  the 
parte  into  which  it  is  divided  by  ordinates,  is  expreBsed  as  follows : — 

Area  =  S-(*-i^-d); (4.) 

2  being  a  symbol  of  summation. 

K  the  ordinates  are  at  equal  distances  apart,  all  the  values  of  d  are 
equal,  and  the  preceding  formula  becomes 

Area=  i-^-^bi-^h^  +  h^  +  tc.-^-^yd; ^.(5.) 

6<»  and  &»  being  the  breadths  at  the  two  ends  of  the  figure,  and  6^; 
h^f  <^c.,  the  intermediate  breadths. 

A  modification  of  the  last  formula,  founded  on  the  assumption 
that  the  lateral  boundaries  of  the  figure  consist  of  short  parabolic 
arcs,  is  as  follows,  the  number  of  divisions  being  even : — 

Axea=  •<6p  +  6,  +  2(62  +  64  +  &c....)  +  (46i  +  68  +  *^"-)f  •  ©•••(^•) 

The  most  accurate  way  to  find  the  areas  of  all  the  pieces  of  land 
included  in  a  survey,  is  to  use  the  dimensions  as  given  in  the  field- 
book  alone,  calculating  the  areas  of  the  triangles  by  formula  1  or  2, 
and  the  areas  of  the  stripes  of  land  lying  between  the  station-lines 
and  the  fences  surveyed  from  them  by  formula  4,  in  which  b  and  b' 
are  to  be  taken  to  represent  a  pair  of  adjacent  ofGaets,  and  d  the 
distance  between  them. 

This  process,  however,  is  vezy  laborious,  and  may  in  many  cases 
be  dispensed  with,  by  equaUzmg  boundaries  and  taking  measure- 
ments on  the  plan. 

IIL  Method  by  Mechamsm, — Instruments  for  measuring  areas 

on  plans  by  mechanism  are  called  "Plani- 
meters"  and  'Tlatometers;"  and  several 
have  been  contrived  by  different  in- 
ventors; amongst  others,  Creneral  Moiin 
and  Mr.  Sang. 

The  simplest  Planimeter  is  Amstler*B, 
of  which  a  sketch,  showing  its  general 
principle,  is  given  in  fig.  18.  A  is  a 
loaded  disc  which  rests  on  the  table, 
and  serves  as  a  fixed  support  for  the 
instrument.  In  its  centre,  at  B,  is  an 
upright  pin,  upon  which  turns  the  arm 


Fig.  18. 


B  C,  to  which  at  0  is  hinged  the  arm  C  D ;  so  that  the  tracing 
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pant  ai  D  can  be  moved  in  all  directions  over  the  paper.  Eicactly 
in  the  steighft  line  O  D  is  the  axis  E  of  the  small  wheel  F,  whose 
edge  rests  on  the  paper. 

When  the  tracing  point,  D,  is  carried  ronnd  the  outline  of  any 
figure,  saeh  as  G  H  I,  so  as  to  retum  finaOy  to  the  point  from  which 
it  started,  it  can  be  proved,  that 

and  oaoseqnantly  that 

Area  of  Figare  =  O  D  x  Distance  rolled  by  tiie  wheel  F. 

CD  is  a  meaaored  constant  length.  The  distance  rolled  bv  the 
vbieel  is  measured  by  a  graduated  circle  and  vernier  at  one  side  of 
^  wheel;  the  number  of  complete  revolutions  being  recorded  by 
aaotfaer  wheel,  driven  by  an  endless  screw  on  the  G^aft  E.  This 
nbed  and  screw  ax^  omitted  in  the  sketcL  In  Britain,  the  gradua- 
tioiis  on  the  circle  usually  represent  square  inches  of  area  on  the 
paper. 
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33.  WBiMMiy  •r  Trig«B«BMlrical  Vmemmim  aMd  ta  mmrw^nmg, 

L  BdaiUma  between  Angles  cmd  Arcs. — The  angle  or  difference  of 
direction,  BAG,  between  two  straight  lines,  A  B,  A  C,  which  meet 
at  the  point  A,  is  expressed  as  a  quantity,  as  is  well  known,  by 

stating  how  many  of  certain  aliquot  parts 
of  a  right  angle  it  contains;  those  parts 
being,  the  degree,  or  ninetieth  part  of  a 
right  aiigle,  the  minute,  or  sixtieth  part  of 
a  degree,  the  second,  or  sixtieth  part  of  a 
minute,  and  the  decimal  fractions  of  a 
second  This  mode  of  expressing  angles 
is  the  most  convenient  for  trigonometrical 
"ZT^mg  calculation.     Another  way  of  representing 

^'     *  the  same  method  is  to  conceive  that  a 

drcle  D  E  F  is  described  about  A  in  the  plane  of  A  B  and  A  G  with 
any  radius;  that  the  circumference  of  that  circle  is  divided  into 
360  equal  arcs  called  degrees,  each  degree  into  60  minutes,  each 
minute  into  60  seconds,  and  so  on :  and  that  the  number  of  such 
divisions  of  the  circle  contained  in  the  arc  D  E  which  subtends  the 
angle  B  A  G  is  ascertained. 

A  second  method  of  expressing  the  angle  B  A  G  is  to  take  tbe 
ratio  which  the  circular  arc  D  E  subtending  it  bears  to  the 
radius  AD.  In  this  case  the  angle  is  said  to  be  expressed  in 
terms  of  arc  to  radius  unity.  This  method,  though  less  simple 
than  the  former,  and  less  commonly  employed,  is  useful  in  certain 

The  two  methods  of  expressing  the  same  angle  are  compared  with 
each  other  by  the  aid  of  our  knowledge  of  the  ratio  which  the 
circumference  of  a  circle  bears  to  its  diameter :  which  ratio,  although 
it  cannot  be  expressed  with  absolute  exactness  by  any  number  of 
arithmetical  figures,  can  be  calculated  to  any  required  degree  of 
accuracy  by  successive  approximations.  It  has  been  computed  to 
about  250  places  of  decimals;  but  seven  places  of  decimals  are 
sufficient  for  ordinary  purposes.  The  following  table  gives  that 
ratio  to  eight  places  of  decimals,  with  its  common  logarithm,  and 
several  ratios  and  logarithms  deduced  from  it  :*- 
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Badoi»         Lo^nithnu. 
Ciiciimfereneeof  ftdrde  to  diameter  1  f\ 

=  Length  of  a  eemidrde  to  radius  1;>  3'i4i59d65  0*4971499 

s  Area  of  a  circle  to  radios  1  =  «• ;  J 

Qoadimity  or  arc  sobtendisir  a  richt )    w       ^^  ^  ^  ^ 

«igie,toMdi«il;    :....3:.}  3  =  i'57o79«3aoi96ii99 

Arc  aabtendiiut  one  dume  to  i»-l         w  _  ^        o       o^^ 

dh»  iTTZ?. Zr. }  =  i85-o'oi7453a9  8-34i8774 

^?^!^!.'!!*!!!!^!**.!!!.'*;}  oxxwajoSSSa  64631261 

^  '^^..T.a^a^..^.'^]       o^>«x»4848i37  4-685S749 


Arceqiialtoiadiiis,ezpresBed  in  degrees,        57^*^957795  17581336 

—  —  —    in  minutes,     3437''747  3'53^a739 

—  —  —    in  seconds,  3o6364'''8  5*3144954 

—  —  —    in  d^rees,  )       o  j^/     ».« 

minutes,  and  seconds,)  *''      *  ^^ 

—  "~  —     in  decimal)    1     ^..^  .--.  ^.^^.o--. 
fractions  of  the  dicumference,;  2i=^ 'S9i55i  9«oi830i 

BaxSeuo^  of  a  bemii^here  to  radius  I ; . . .     3r =:6'383 1 853  0798 1 7 99 

The  indices  of  the  logarithms  of  fractions  in  the  above  table  are 
affixed  aooording  to  the  system  which  is  employed  in  trigonometrical 
calcolations  in  order  to  avoid  negative  incQces;  that  is  to  say,  the 
index  in  each  case  is  the  complement  of  the  proper  negative  index 
to  10  j  or  the  logarithm  is  that  of  the  product  of  the  fraction  into 
10,000,000,000. 

The  '*  centesimal"  division  of  the  quadrant  into  100  d^prees  or 
''grades^"  10,000  minutes,  and  1,000,000  seconds  is  now  nearly 
obsolete,  even  in  France. 

IL  EdcUions  cmongst  Trigonometrical  Fwndiona  of  One  Angle. — 
The  simplest  mode  c^  defining  the  trigonometrical  functions  of  a 
given  angle,  such  as  the  sine,  cosine,  &c.,  is  to  state  that  thej  are  the 
Tsdos  to  each  other  of  the  sides  of  a  right-angled  triangle  containing 
the  given  angle.  Another  mode,  and  the  more  common,  is  to  state 
that  they  are  represented  l^  lines  drawn  in  particular  positioDS  with 
r^ipect  to  a  circular  arc  of  the  radius  unily,  subtending  the  given 
aogla 

In  fig:  20,  and  also  in  fig.  SI,  A  B,  A  0,  are  a  pair  of  straight 
lines  malriTig  with  each  other  an  cumte  angle,  BAG. 

In  fig.  20,  0  is  any  point  whatsoever  in  one  of  those  lines,  and 
C  B  a  perpendicular  let  fall  from  that  point  upon  the  other  line,  so 
«8  to  form  a  right-an^ed  triangle,  ABC. 
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In  fig.  21,  a  circle  of  the  radius  waity  is  described  about  A, 
cutting  off  from  each  of  the  two  lines  a  part  equal  to  the  radios, 
vii: — 

AD=AO=L 
A  F  is  a  third  radius,  perpendicular  to  A  D. 

C  B  and  C  H  are  perpendiculars  let  fall  from  O  upon  A  D  and 


Fig.  20.  Hg.  21. 

AF  respectively;  D£  and  FG  are  straight  lines  touching  the 
circle  at  D  and  F  (perpendicular,  therefore,  to  A  D  and  A  F^  and 
cutting  A  0  produced  in  E  and  G  respectively. 

Then  the  definitions  of  the  several  trigonometrical  functions  of 
the  anglid  £  A  C,  according  to  the  two  methodff,  are  as  follows : — 

In  ng.  21. 
BC  =  AH 


Sine,  

Cosine,  

Versed  Sine, .. 
Goversed  Sine, 

Tangent,    

Cotangent, ..... 

Secant,  

Cosecant,  


In  Fig.  20. 

BO 


AC 

AB 

AO 

AC^AB 

AC 

AC-BO 

AC 

BO 

AB 

AB 

BO 

AO 

AB 

AO 

AB=CH 


BD 


HF 


DE 


FO 


AE 


BC 


AG 


In  fig.  20,  the  angles  B  A  C  and  B  C  A  are  complementary  to 
each  oiJ^er,  being  together  equal  to  a  right  angle ;  so  also  are  the 
angles  B  A  C  and  C  A  F  in  fig.  21 ;  and  when  this  relation  exists 
between  a  pair  of  angles,  the  sine  of  each  is  the  cosine  of  the  other, 
and  so  of  all  the  other  functions  by  paira 
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nenotiDg  the  angle  B  A  C  for  brevitT'a  sake  by  A,  the  following 
equatioiiB  ghre  the  most  important  relationa  amongst  its  trigo* 
Dometncalfonctioiia: — 

ainA=  ^l_co8«A  =  ^^=:  -i-j-; (L) 

see  A      coeec  A  ^   ' 

co8A=  Jl-«n*A  =  5?!^  =  _^; (3.) 

ooeecA       aecA  ^  ^ 

▼eraonAsl  — coflA; (3.) 

ooyersinAsl  —  on  A; (4.) 

toA==™4^==— i— =  81^  V8ec«A— 1;(5.) 

coeA      cotanA  ^    ' 

«0tanA  =  ^^==-JiT-  =  cosA-ooBeoA=%/oo«»»A^n"i(6.) 
am  A     tanA  ^   ' 

»c  A  =  — 1^==  Vl+tan«A; (7.) 

ooaeoAs  -, — .sV^  l^-cotan^  A (8.) 

smA  ^  ' 

The  triyMiometrical  fbnctionB  of  an  obtuse  ang^  are  defined  as 
ibOowB: — 

In  fig.  20y  and  also  in  fig.  21,  let  A  e  be  a  straight  line  making 
with  the  line  B  A  produeed  beyond  A  an  angle  6  A  c  :=  B  A  C. 
13ie&  the  obtuse  angle  B  A  c  is  the  tuppl&mmU  of  the  acute  angle 
BACyandia  denoted  by 

180*  — A 

From  e  in  botii  figures  let  fiedl  c  b  perpendicular  to  A  (.  In  fig. 
21,  draw  e  H  perpendicular  to  A  F^  and  the  tangents  de,  Vg, 
catting  A  e  produced  in  e  and  g. 

Then  in  ^.  20,  the  right-angled  triangle  A  i  c  is  similar  to 
ABC;  and  in  fig.  21,  the  combination  of  Imes  on  the  right  of  A  F 
is  simikr  and  equal  to  the  combination  of  lines  on  the  left ;  from 
wbidi  it  appears^  that  all  the  trigonometrical  functions  of  the  obtuse 
angle  180^  —  A  (with  one  exception  to  be  presently  pointed  out), 
ire  equal  in  numeriecU  value  to  the  corresponding  functions  of  its 
snpplementajy  acute  angle  A  The  one  exception  is  the  versed 
me,  which  in  %  21  is  represented  by  D  6  =  AD+ A 5=  2  AD 

-DB. 
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In  order  the  better  to  diBtingtiish  between  trigonometrical 
functionB  of  acute  and  obtuse  angles,  the  principle  is  adopted, 
that  inasmuch  as  A  B  and  A  5  (in  both  figures)  lie  in  opposite 
directions  from  A,  they  shall  be  regarded  as  having  opposite 
tdgns : — ^that  is,  A  B  being  positiye,  A  6  is  negative ;  which 
amoimts  to  laying  down  the  rule,  that  coaines  of  obtuse  angles  anre 
negcUioe.  The  following  are  the  relations  between  the  trigo- 
nometrical functions  of  an  obtuse  angle  180^  —  A,  and  its  sup- 
plementary acute  angle  A,  which  arise  ^m  that  rule : — 

8i3i(180«  — A)  =  sm  A;   . 

cos  (ISOo  — A)  =  —  cos  A; 

versin(180*  —  A)=  1  +oo6  A  =  2  —  versin  A; 

ooyendn  (180*  —  A)  =  coversin  A; 

tan  (180*  — A)  =  —  tan  A; 

cotan  (180*  — A)  =  —  cotan  A; 

sec  (180O  —  A)  =  —  sec  A; 

coseo  (180.O  —  A)  =  oosec  A 

From  these  equations  it  is  to  be  understood,  that  in  applying  to 
obtuse  angles  trigonometrical  formuka  which  were  originally- 
intended  for  acute  angles,  the  algebraical  signs  of  all  sines  and 
cosecants  of  such  angles  are  to  be  kept  unchanged,  and  those  of 
cosines,  tangents,  cotangents,  and  secants  reversed. 

In  analytical  geometrr  a  further  distinction  is  drawn  between 
the  sines  of  angles,  whether  acute  or  obtuse,  lying  to  the  right  and 
left  of  a  fixed  direction,  which  are  regarded  as  positive  and  negative 
respectively.  In  geodesy  it  is  unnecessary  to  introduce  that  dis- 
tinction, except  in  one  case,  to  be  explained  afterwards. 

III. — TrigonofnetriccU  Functions  of  Two  Angles, 


A        A  ^ 

sinA  =  2sin-2r*coB-«=  A 

2  2      cotan -^  +  tan  _ 

2  2 


^v-^ 


— cos  2  A 


.(10.) 


oosA=oos*-^ — sin*  ^^  =  1- 
2  2 

A  A 

cotan  -qT  —  tan  g- 

A  A 

cotan  _  +  tan  ^ 

^  2 


2sin«^  =  2oos«4 
2  2 


-V 


1  +  cos2  A 


(11.) 


TBnxnroinxBicAL  mscnovB  or  two  Ajxauea, 
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2 


taaA  = 


ootaa^ ^^'^  9~     ^    ^ 

8m2A  1— oos2A 


1— cob2A 

+  oofi2A 


m) 


l  +  coa2A  Bm2A 

Let  A  and  B  be  aay  two  angleflL 

sin  (A+B)  =  sin  A  008  B  + cos  A  Bin  B ;.....  (13.) 

an  (A — B)  =  8in  A  006  B  —  gob  A  sin  B; (14.) 

oo6(A  +  B)  =  oobAoosB — sin  A  sinB; (15.) 

€00 (A  —  B)  =  oos  A  GOB  B  +  sin  A  sinB; (16.) 

^(^  +  ^)  =  l-i''At.°B> <"•> 


tan(A  — B)  = 


tan  A  —  tanB 


1  +  tanAtan  B' 
sinA  +  8inBs2sin 


(18.) 


^^«r.k^.cos^—^;...{l9.) 


sinA  — BinB=:2mn^J^^:J.oofl^t^; (20.) 


2 


2 


ooeA  +  ooflB  =  2co6  ^-±-?- «»  ^^^^i   ••  (21) 


oobB  —  008A  =  28in  ^7?.  sin  A+^ ; . ..  (22.) 

2  2 


006  A.  COS  B 

^     .       ^    T.        8in(A  — B). 
tan  A  — tanB  =  \ =^; 

COB  A  COB  B 


.      A   .      A     Tj      sin  ( A  +  B) 
cotanA  +  ootaiiB=-^-^r — r— ^; 

sin  A'smB 


(23.) 


(24.) 


(25.) 


_.     T>      --*-    A      Bin(A  — B). 

Bin  A  Bin  i> 


(26.) 
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sin' A — sin^B^oos^B — oo8^A  =  8in  (A— -B)") /q-» 

8m(A+B)j f^^^'f 

oofl*A — ain'Bsoo^B  —  sin*  A  r=  oos  (A  —  B))  /oo  \ 

C08(A  +  B); /  V2»-) 

tan»A-tan«B=  Bm(A-B)8m(A +B)  ,33. 

COS*  A 'COS*  B  ^      ' 

cotan*B-cotan»  A  ^  BiaA-B-rinA  +  B  3^  ^ 

flin^  A  '  Bin*  B  ^      ^ 

I Y.  FormulcB  far  the  SohUian  of  Plane  Tricmglee, — All  theso 
formuln  are  deduced  from  the  two  following  principles : — 

The  sum  of  the  three  angles  of  a  plane  triangle  is  equal  to  two 
right  anglea 

The  sides  of  a  plane  triangle  are  proportional  to  the  sines  of  the 
opposite  angles. 

When  the  computations  are  to  be  made  without  the  aid  of 
logarithms,  the  simplest  formulae  are  the  best ;  but  when  l(^;aritluxis 
are  used,  formulie  of  greater  complexity  are  often  employed,  in 
order,  as  far  as  possible,  to  dispense  witih  additions  and  subtrac- 
tions, and  make  the  calculation  consist  of  multiplicationB  and 
divisions. 

Fig.  22  represents  a  plane  triangle,  whose  three  angles  sjre 

^    denoted  by  A,  B,  C,  and  the  three  sides 
respectiyely  opposite  them  by  a,  6,  e. 

The  following  equations  express  in  Tari- 
ous  forms  the  relation  between  the  three 
angles,  and  enable  this  problem  to    be 

■31 i    solved,  given,  two  of  the  anglee,  or  tngono- 

Fig.  22.  motruid  fuTictWM  of  them :  to  find  the  third 

angle,  or  a  trigonometrical  fun<^ion  of  it, 

A+B  +  CslSO'*; (31.) 

Let  A  and  B  be  given ;  then 

C  =  180»  — A  — B; (32.) 

sinO  =  mn(A  +  B);  cos  C  =  — cos  (A  +  B); ...  (33.) 

^     ^     tanA+tanB    .      C         .      A  +  B      ,,.. 
*^^  =  tauAtanB.^r^a=^^^-2--"<^^'> 
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the  given  aide;  tlien  tlie  oilier  two  aides  are 


.  sin  B  sin  0  ,«^ . 


or  by  loguitfain% 


log6=loga  +  log8in  B-log  sin  A;  )  ,^     v 

logc  =  log  a  +  log  sinC-logsin  A.  /  ^         ' 

FbOBLEH  SbOOKIX — WUem  Tw*  SMot  Mid  the  todaJgdl  Aagle 

let  Oy  69  be  the  given  sides,  C  the  given  included  angle; 


L  To  find  ihe  third  aide,  the  simplest  formula  is, 

c=  ^(a«  +  6«-2a6cofiC);  (36.) 

(obBerviDi^  tiiat  if  O  is  obtnae,  the  third  term  within  the  brackets 
is  to  be  added  instead  of  subtracted). 

But  tills  formula  being  unsuitable  for  logarithmic  calculation, 
one  or  other  of  the  following  processes  is  substituted  for  it. 

Riat  Method; — 

make  sin  D=    v^  -.  cos  -^:  then 

a  +  b  2' 

c=(a  +  6)ooeD (37.) 

Seocmd  Method : — 

make  tan  E=^i^.  sin  9:  then 

a  -  6  2 

c=(a-ft)  sec  E. (38.) 

2.  To  find  the  remaining  cmgles,  A  and  R 

If  the  third  side  has  been  computed, 

sin  A=--  '  sin  C:  sin  B=  --sin  C  (39.) 

e  c  ^     ' 

If  the  third  side  has  not  been  computed, 

A-f  B 


=  cotan^;tan--^-=^^cotan2-;l 

+B    A-B  A+B    A-B         ( 

2     ^"T''^"     2  2~*        ) 


tan        o 
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PrOBLEH  Third. — WUem  the  TUvm  MdM  WW  fli 

To  find  mvy  ofna  of  the  cmgles,  such  as  C,  the  simplest  formula  iB 
the  following : — 

^«^=     2a6     ^  ("-> 

but  this  formula  being  unsuited  for  logarithmic  calculation,  one  or 
other  of  the  four  following  formulse  is  employed  instead  "wlieii 
logarithms  are  used.  Let  the  half-sum  of  the  sides  of  the  triangle 
be  denoted  hy 


a  +  6  +  c    ^, 
s  =  — ^ ;  then 


2      V       06     '        2      V  ab 

cotan  5  =  >y/?_^|_ ;  tan  ^  =  y' 


)(s-b)     ^ 
Tb  I 


{s-a){s-h'^'    ^^^-^ 


When  2  is  *  iBJcgp  angle,  the  expressions  for  cos  ^  and  cotan-=. 

are  the  most  convenient  in  calculation ;  when  it  is  a  small  anirle. 

CO 

those  for  sin  -^  and  tan  ^  are  to  be  preferred.     A  fifth  formula,  leas 

used  than  the  preceding,  is 


sinO  =  aV»(«-«)(«-ft)(L:f» (43) 

but  this  ifl  unsuitable  if  C  is  nearly  a  right  angle. 

PboBLBM  Fourth. — Vw«  sides  «!▼«■,  and  tiM  Amglm  opp— He  Mie  «# 

. — In  fig.  23,  let  A  be  the  given  angle, 


^y^/^a.      and  a,  c,  the  given  sides,  of  which  a  is  opposite 

^^^ r    \c  -^    Th6eiae< 
•^  5g  the  expression, 


A.     The  sine  of  the  angle  opposite  c  is  given  by 
Fig.  28. 


-.  ainA; (44.) 

a 


but  this  may  apply  either  to  the  acute  angle  0  or  to  its  supplement, 
the  obtuse  angle  C'=  180** -C;  C  and  C  being  the  two  points  in 
the  straight  line  A  C  C  which  are  at  the  distance  a  from  B.  Unless, 
therefore,  it  is  known  by  observation  whether  the  angle  opposite 
the  side  a  is  acute. or  obtuse,  the  solution  of  the  problem  is  ambigu> 


SOLCnOV  OF  BIGHT-AHGLKD  TBIANOUS  4d 

OQ&  Should  ihat^  boweTer,  be  knoimy  the  angles  can  be  oamputed, 
and  thence  the  remaining  side,  by  the  method  of  the  fint  problem. 
In  general,  problems  that  fall  under  the  fourth  case  ought  to  be 
avoided  in  surreying,  especially  vhen  the  angle  opposite  c  is  nearly 
a  r^^t  angle. 

In  all  trigonometrical  problems,  it  is  to  be  borne  in  mind,  that 
small  acute  angles,  and  large  obtuse  angles,  are  most  accurately 
detennined  by  means  of  their  sines,  tangents,  and  cosecants,  and 
an^es  i^;yproaching  a  right  an§|le  by  their  easinesy  cotangents,  and 


Pboblbm  Fdtb. — T«  Mivea  WliU  ■■gliii  Tttai^to. — ^All  the  pre- 
ceding formuhe  are  applicable  to  this  case;  but  they  become  vety 
much  simplified  owing  to  the  values  assumed  by  the  trigonometrical 
Amotions  of  the  right  angle,  viz, : — 


ffin9<f==l;  coe9(r=0;  tan  90"  infinite;  ootan  9(^  =  0;  sec 
W  infinite ;  ooseo  90"  =  1. 

Let  C  denote  the  right  angle ;  e  the  hypothenuse  ;  A  and  B  the 
two  oblique  angles ;  a  and  h  the  sides  respectively  opposite  them. 
Then  A  and  B  are  complementary  angles,  and  the  sine  of  each  is 
the  conne  of  the  other,  as  explained  under  Head  IL  of  this  articla 
The  foUowing  cases  may  be  distinguished : — 

1.  Given,  the  right  angle,  another  angle  B,  the  hypothenuse  a 
Thai 

A=90"-B;  a=e*008B;&scsinR (45.) 

2.  Given,  the  right  angle,  another  angle  B,  a  side  a, 

A  =  90"-B;  6=2atanB;  c=a'secB (46.) 

3.  Given,  the  right  angle,  and  the  sides  a,  b, 

tan  A  =  ^;  tanB=|;  c=  J^f+W (47.) 

4.  Given,  the  right  angle,  the  hypothenuse  c ;  a  side  a, 

ainA  =  oo8B=-;  b  =  J(^-a^.  (48.) 

c 

0.  Given,  the  three  sides  a,  h,  c,  which  fulfilling  the  equation 
c2=a^  ^  3^,  the  triangle  is  known  to  be  right-angled  at  C. 

sin  A=—  ;  sin  B=- (49.) 

6  e  ^     ^ 
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Problem  Sixth. — ^To  express  the  area  of  a  plane  triangle  in  tearms 
of  its  sides  and  angles. 

Case  1.  Given,  one  side,  c,  and  the  angles. 

.  c^    sin  A  sin  B  ,^^  . 

Area=^. = — ^ — (50.) 

2        sm  C  ^       ^ 

Case  2.  Given  two  sides,  h,  c,  and  the  induded  angle  A. 

-           6e  *sin  A  ,..-  v 

Arear= ^ (51-) 

Case  3.  Given,  the  three  sides.     See  Article  32,  page  33. 

V.  FormvlcBfor  the  Solutum  of  Spherical  Triangles. 

These  formulsB  are  all  consequences  of  the  two  following 
principles : — 

The  sum  of  the  thres  amgles  of  a  spherical  tricmgle  exceeds  two  right 
tmgles  by  an  angle  which  bears  the  same  proportion  to  four  right 
angles  that  the  area  ofUis  triangle  bead's  to  the  swrface  of  the  liemi- 
sphere. 

The  sines  of  the  a/ngUs  of  a  spherical  triangle  are  proportional  to 
the  sines  of  the  angles  subtended  at  the  centre  of  the  sphere  by  tlis  sides 
to  which  ikey  are  respectively  opposite. 

Problem  First. — ^To  compute  approximately  the  angles  sub- 
tended by  arcs  on  the  earth's  surface,  and  vice  versd. 

In  this  calculation  it  is  sufficiently  accurate  for  the  purposes  of 
engineering  geodesy  to  treat  the  earth's  surface  as  a  sphere  of  the 
diameter  stated  in  Article  3,  p.  2,  viz. : — 

41,778,000  feet  =  7912^  statute  miles; 

so  that,  referring  to  the  present  Article,  Division  I.,  p.  37,  for  the 
proportions  borne  to  the  radius  by  arcs  subtending  various  units  of 
angle,  we  find,  for  the  mean  lengths  of  such  arcs  on  great  circles  of 
the  earth's  sur&oe,  the  following  values, —  * 

*  If  it  is  desired  to  oompnte  tlie  lengths  of  small  arcs  on  great  circles  more  pre- 
cisely, the  following  fonnal»  may  be  used : — 

Let  I  denote  the  difierenoe  between  the  latitude  of  the  place  and  45°,  the  sign  + 
or  —  indicating  whether  that  latitude  is  greater  or  less  than  45°.  Then  the  length 
in  liBet  of  an  arc  of  the  meridian  which  subtends  one  minute  is 

/          sin  2  X\ 
m=6076-86  ^Idbr-goo"  JJ  (!•) 
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Mmd  kogth  in  F«it  LogulCliiB. 

Arc  equal  to  zadiuBy. 20,889,000  7*3199176 

Arc  sabtending  one  degree, 364,58a  5*5617950 

Arc  sabtending  one  minute, 6076*36  37836437 

Arc  sabtending  one  second,. i o i  '27 3  a '0054925 

Hence,  let  a  be  the  lengtih  in  feet  of  an  arc  on  the  earth's  surface; 
«,  the  angle  subtended  by  it  in  seconds ;  then 

•  =  0-5-101-273  nearly.  (52.) 

PnoBUEK  Sbodnb. — ^To  compute  approximately  the  sines  of  the 
xa^xs  subtended  by  small  arcs  on  the  earth's  sur&ce,  and  vie$  verad. 

Lei  -  be  the  ratio  of  a  small  arc  a  to  the  earth's  radius  r  :  •  the 
r  ' 

angle  subtended  by  it.     Then  it  is  known  that  the  two  following 
tfas  io^jth  in  feet  of  an  arc  infitfimling  oo«  mkiatei  on  a  great  dida  perpendieolar  to 

-.=6076-86  (l+jJo=i=  ?„;-*); (».) 

aad  the  length  id  feet  of  ao  arc  eabtending  one  mUnite  on  a  gnat  ebde  which  makea 
a  ai^  0  nidi  the  meridiani  ia 

n"=mcoa'^  +  m'sin  V  (8.) 

ncBHB  In^gthof  alltiia  are»  eobtandiag  one  nhmte  on  great  circke  which  can  bn 
donn  thmo^h  a  ^yan  point  ia 


=6076*36  I  l  +  —  =±i^^  1 U.) 


AttbepsaIklof80^cf]atitiide,whididiTidea  the  emfaoe  of  the  hemiapberold  into 
two  mmAj  equal  partem  the  fector  of  this  ezprenion  within  the  brackets  is  rednoed  to 
aaitj,  a&d  the  length  of  the  arc  to  its  mean  valoe;  and  the  area  of  tlie  snrfeoe  of  the 
iphsoid  is  aimoet  exactly  eqoid  to  that  of  a  sphere  of  the  ndins  of  20,889,000  feet, 
eoReeponfing  to  that  value  of  the  arc.  It  is  for  these  reasons  that  6076*86  feet  has 
tea  adapted  in  this  worlc  as  the  tme  mean  length  of  a  nantical  mile,  rather  than  the 
kogtii  of  a  minnte  of  the  equator. 

"nie  area  in  sqnare  feet  of  a  square,  each  of  whoee  sidee  subtends  one  minnte  at  a 
^TCB  latitnclB,  k 

a.a.'=(6076-86)»-  (l+gj^-ztz^) nearly;  (5.) 

nd  this  quantity  abo  has  its  mean  value  at  the  parallel  of  30^;  viz.  (6076*86)*. 
The  length  in  feel  of  a  minute  of  longitude  is  given  by  the  femula 

w^ain^-coe'latitude  (6.) 

In  tlie  preceding  fbrmulss,  the  iignie  of  a  level  snrfece  is  treated  as  if  it  were  an 

exact  qphorad  of  revolution  with  the  polar  and  equatorial  diameters  in  the  ratio  of 

^  to  601,  and  no  account  is  taken  of  various  irregularities  in  the  form  of  that  sur- 

^  wboaB  ezistcDee  has  been  proved,  but  which  have  not  yet  been  reduced  to  any 

goienipiiDctpIa.-- 03m  "Addenda,"  p.  xvi) 
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series  give  approximations  to  the  value  of  each  of  those  quantitic 
in  terms  of  the  other; 

—  =  sin  «  +,— TTo .  Bin  ^«  +  o-r-t  sin  ^^^  +  &a  ...  (54.^ 
r  1*2*3  2-4-5  ^       ^ 

In  most  cases  which  occur  in  engineering  geodesy,  the  first  trwc 
terms  of  each  of  those  series  are  sufficient,  and  they  may  be  tliii£ 
expressed:-  ^       ^ 


^•=70^6;^)''^^^^^ <^^-> 


sm 

2 


-  =  sin«n+ — g-^jnearly. (56.) 


For  logarithmic  calculation  the  folloiring  approximate  fonnul«B 
are  convenient : — 


a        «..«.«««.« 


2 


a« 


log  sin  «  =  log •  0723824  -j- 

=  log  a  (in  feet) -7-3199176-  -0723824^; ..  (55  a.) 

log  a  (in  feet)  =  7-3199176  +  log  sin  «  +  •  0723824  sin  ^a  (56  a.) 
(*  0723824  =  modulus  of  the  common  logarithms  -?-  6.) 

Fboblem  Thibd. — Given,  the  area  of  a  spherical  triangle  on  the 
earth's  surface;  to  find  the  excess  of  the  sum  of  the  three  angles 
above  two  right  angles  (or  as  it  is  called,  the  ''spherical  excess**). 

Let  S  be  the  area  of  the  triangle,  r  the  earth's  radius,  X  the 
spherical  excess;  then 

X  =  360<'-5-^ 

S 
= angle  subtended  by  arc  equal  to  radius  *  -j; (57.) 

that  is  to  say — 

y/.  J  ^  _  206264-8  S  (in  square  feet) 

JL  {m  seconds)-      436,350,321,000,000 

S  (in  square  feet)  .p,^ . 

""2,115,500,000  nearly'   ^    ^^ 

or  by  logarithms, 

log X  (in  soconds)  =  lor'  B (in  9nn«tH> feAt)— 9-3254101... (58  a.) 
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In  fltatiiig  rales  for  the  solution  of  spherical  triangles,  the  word 

''aide"  is  used  for  brevity's  sake,  when  'Hhe  angle  subtended  by  a 

side  at  the  centre  of  the  sphere*'  is  meant     In 

fig.  24,  A,  B,  C  are  the  three  angles  of  a  spherical 

triangle;  o^  6,  e,  the  sides  respectively  opposite 

them.     The  angles  subtended  respectively  by  these 

sides,  which  angles  are  called   ''the  sides"  in 

statii^  the  rules,  will  be  denoted  by  «,  fi,  y. 
Fboblbk   Foubth. — Given,  two  angles  of  a 

spherical  triangle,  and  the  side  between  them;  to 

find  the  remaining  aides  and  angle- 
Let  A,  B  be  the  given  angles,  and  y  the  given 

side.     Then  to  find  the  remaining  sides  «  and 

A-B 

.   ^  cos 5— 

2 


Fig.  24. 


tan 


2        A  +  B' 
eos-j- 

A-B 


tan-^  =  tan5 


«  +  ^  ,  «-/9.    -     «  +  /3 

H TT-f    P  = 


sin 


sin 


A  +  B' 


2 


-/8 


.(59.) 


2  2    ' "'    2  2 

To  find  the  remaining  angle  0,  we  have  the  proportion- 


sin  «  :  sin  /3  :  sin  y  : :  sin  A  :  sin  B  :  sin  C. 


.(60.) 


Pboblek  Fifth. — Given,  two  sides  of  a  spherical  triangle  and 
the  an^e  between  them ;'  to  find  the  remaining  side  and  angle — 
Let  «,  3  be  the  ^ven  sides;  0,  the  given  angle. 
Fimt  MethodL—^o  find  the  remaining  side  y ; 

eosy  =  cos«*cos/3  +  sin«'siniS'co8C; (6L) 

hot  this  formula  being  unsuited  to  calculation  by  logarithms,  the 
ittDowing  has  been  deduced  from  it; 


Make  Bin  D  =  008 -J .  y  sin  .•  sia /S;  then 
and  to  find  the  remaining  angles,  we  have  the  proportion, 


sin  y  :  sin  »  :  sin  fi  : :  sin  C  :  sin  A  :  sin  B 


.(63.) 
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Second  Method — To  find  the  remaining  angles,  A,  BL 


tan 


tan 


»-fi  0 

2  »  +  fi        ' 

oos-g- 

.    «-4      ^     0 
A     -p»     Bin — s — 'cotan-TT 


2 


Bin 


«  +  4 


.     A  +  B    A-B  ^    A  +  B    A-B 


2 


2 


.(64.) 


The  remaining  side  y  is  found  by  the  proportion  (63). 

Problem  Sixth. — ^The  three  sides  c^  a  spherical  triangle  being 
given ;  to  find  the  angles — 

Let  C  be  the  angle  sought  in  the  first  instance.    Then 

cos  y  —  cos  «  •  008  i9  ,>,-v 

-;  (65f.) 


cosO  = 


sin  «  *  sin  id 


but  as  this  formula  is  not  adapted  for  logarithmic  calculation^  one 
or  other  of  the  following,  which  are  deduced  from  it,  is  to  be  em- 
ployed for  that  purpose : — 

Let  9  =s denote  the  half  sum  of  the  sides ; 


COS 


^^A/s"^^'»^(^-y).  ^C^A  /8in(tF->)(sii..     ^,.^g 
2       V       sin « *  sin  iS     '        2       V  sin « *  sir '       '\     '/ 


2       V       sin«*sin/9     '        2       V  sin«'8in/B 

C  C  C  C 

cos  ^  is  best  when  -^  approaches  a  right  angle ;  sin  ^  when  -^  is  small. 

These  formnlee  will  serve  alike  to  compute  any  angle.  If  it  is 
desired  to  express  the  angle  sought  by  A  or  by  B^  the  following 
substitutions  are  to  be  made  in  the  formule : — 

For  the  following  symbols  in  the  formulae  for  0,  .1.     »    ^3    y 

Substitute  respectively  in  the  formulae  for  A, ...    fi    y    a 

—  —  —  —        for  B> ...     y    «    /8 

Problem  Seventh. — In  a  right-angled  spherical  triangle,  the 
right  angle  and  any  two  other  parts  bemg  given,  to  find  the  remain- 
ing parts. 

I^t  C  be  the  right  angle,  and  y  the  side  opposite  to  it 
Case  L — Two  sides  being  given,  the  third  is  found  by  the 
equation — 

cos  «*co6i3=oo8y;  (67.) 
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and  the  oliliqne  angles  by  the  equations — 

006  A=ootany-tani6;  oosB  =  ootan  y 'tan  «;  ...(68.) 

or  hj  the  equations — 

cotan  A  =  ootan«'sin^;  ootanB  =  ootan)S*sin«....(69.) 

Glue  2. — GItmi,  a  cdde  {»)  and  the  opposite  angle  (A).     Find 
the  side  A  hj  the  fonnnla — 

siniS=tan«-cotan  A;  (70.) 

then  find  y  by  (67)  and  B  by  (68)  or  (69). 

Case  3. — Given,  a  side  («)  and  the  adjacent  angle  (B).     Find 
the  ade  y  by  the  foimida — 

cotan  y  =  cos  A 'octant; (71.) 

then  find  •  by  (67)  and  B  by  (68)  or  (69> 
C^ue  4. — Giren,  two  angles,  A, 


cos  A  _      OOSB  .  .  X        -o    /»»ox 

oos»=-^—^:  008/8  =  -: — T-:  ooey  =  cotan  A'cotanB.  (72.) 
sinB  smA  ^     ' 

VL  Approxmaie  SaltUiona  of  Spherical  Triangle$j  rued  in 
Tfigcnometrieal  Surveying. 

As  Uie  largest  triangles  formed  in  tadconometrical  surveying  do 
not  meftsore  more  than  100  miles  in  the  side,  and  the  ordinary 
triangles  much  less,  the  curvature  of  the  arcs  forming  their  sides 
k  very  slight,  and  Uieir  areas  are  very  small  fractions  of  that  of  a 
hemisphere  of  the  earth;  and  consequently  approximate  methods 
of  calculation  can  be  applied  to  them,  by  which  much  of  the 
labour  is  saved  that  would  be  required  by  a  strict  adherence  to  the 
rules  of  spherical  trigonometry. 

Pkoblkm  First. — ^Given,  in  a  triangle  on  the  earth's  surface  the 
lesigth  of  one  side,  e,  and  the  adjacent  angles,  A,  B;  to  find 
approximately  the  third  angle,  C. 

Calculate,  by  equation  50,  p.  46,  the  approximate  area  of  the 
kiangle,  as  if  it  were  plane.  From  that  area,  by  equation  58,  or 
58  A,  p.  48,  calculate  the  "  spherical  excess  "  X.     Then 

0  =  180«  +  X-A-B.  (73.) 

pROBLEBC  Secosd. — ^To  find  approximately  the  remaining  sides, 
a,  b,  of  the  same  triangle.  Let  «,  fi,  y  be  the  angles  subtended  by 
the  aides. 

Method  FvnA  (By  spherical  trigonometry). — Find  the  arc  y  sub- 
tended by  the  given  side  e  by  equation  52,  p.  47;  or  else  find 
flin  y  directly  from  c  by  equation  bt  or  55  a,  p.  48.     Then 

sin  A  sin  y     .     _    sin  B  sin  y  ,^  .  . 

8in«=: .    ^   '^;sinjS= — r— .^^ — ; (74.) 

sinC  sin  0  ^     ' 
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from  which  find  «  and  /S  in  seconds;  then  the  lengths  of  the  ades  in 

a=  101-273  «;  6  =  101-273 ^8; (75.) 

or  a  and  6  may  be  calculated  directly  from  sin  «  and  sin  iS  by  equa* 
tion  56  or  56  a,  p.  48. 

Method  Secmd  (By  plane  trigonometiy). — ^Fiom  each  of  the 
angles  subtract  one  third  of  the  spherical  excess,  and  then  treat  the 
triangle  as  if  it  were  plane.     That  is  to  say — 

sinfA — s-j            sin(B— -S-) 
a^c-     )       ^(;  h=c-     )       ^( (76.) 

Pboblbk  Third. — Given,  in  a  triangle  on  the  earth's  surface,  two 
sides  a,  6,  and  the  in(duded  angle  C;  to  find  the  remaining  side,  c, 
and  angles,  A,  B. 

Method  First  (By  spherical  trigonometry). — ^As  in  the  last  prob- 
lem, find  the  angles  «,  /3,  subtended  by  the  sides,  by  means  of 
equatioh  52^  p.  47,  or  the  sines  of  those  angles  by  means  of  equation 
56  A,  p.  48.  Then  solve  the  triangle  as  a  spherical  triangle,  by  means 
of  equations  62  and  63,  p.  49,  or  equation  64,  p.  50.     Lastly,  make 

c  in  feet=  101-273  y  in  seconds. (77.) 

/  Method  Second  (By  plane  trigonometry). — Compute  the  approxi- 
mate  cvrea  by  equation  51,  p.  46,  as  if  the  triangle  were  plane; 
thence  compute  the  spherical  excess  X  by  equation  58  or  58  A,  pi 
48,  and  deduct  one-third  of  it  from  the  given  angla  Then  consider 
the  triangle  as  a  plane  triangle,  in  which  are  given  the  two  sides  a,  6, 

and  the  included  angle  (7  s=  C  —  •^.  Find  the  third  side  e  by  equa- 
tion 37,  or  equation  38,  p.  43 ;  and  the  remaining  angles  A',  B*,  of 
the  supposed  plane  triangle,  by  the  equations  39  or  40,  p.  43 ;  and 
for  the  remaining  angles  of  the  real  spherical  triangle,  tsJ^e 

A  =  A  +  y;  B  =  F  +  ~.  (78.) 

Fboblem  Fourth. — ^To  diminish  as  &t  as  possible  the  effects  of 
small  errors  in  angular  measurements. 

Such  small  errors  are  detected  by  measuring  the  whole  three 
angles  of  a  spherical  tiiangle,  and  adding  them  together.  If  the 
measurements  are  peifectly  correct,  we  shall  find 

A  +  B  +  0  =  180»  +  X, 

(X  being  the  spherical  excess,  if  it  is  appreciable).     But  If  small 
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erroFB  have  been  oommitted  in  meaBoring  the  anglesy  we  shall 
find 

A'  +  »  +  (7  =  180^  +  X=t:E, 

where  E  is  the  total  error.    Then  for  the  moet  probable  values  of 
the  collected  angles  are  to  be  taken 


5;C  =  azF:5    (79.) 


The  correction  of  each  angle  being  one-third  of  the  total  error,  and 
opposite  in  sign. 

34.  The  TiM«d«iiia  is  an  instnunent  whose  chief  nse  is  to  measure 
spgles  in  a  horizontal  plane,  or  "emfnuihs,^'  and  which  is  occa- 
siouallj  used  to  measure  also  vertical  angles,  or  aUitudea  <md 

When  the  word  Azimuth  is  used  without  qualification,  it  usoallj 
means  the  number  of  degrees,  minutes,  and  seconds  by  which  the 
direction  of  a  vertical  plane  passing  through  a  station  and  a  given 
object  deviates  to  the  right  of  a  vertical  plane  passing  through  the 
station  and  the  North  Pola  When  ''  Magnetic  Azimuth"  is  sped- 
fi»],  the  angular  deviation  is  reckoned  from  the  magnetic  meridian 
instead  of  the  true  meridian. 

But  the  relative  azimuth  of  any  two  objects  may  be  measured  at 
ft  given  station;  that  is  to  say,  the  number  of  degrees,  minutes,  and 
seconds  by  which  a  vertical  plane  traversing  the  station  and  one  of 
the  objects  deviates  to  the  right  of  a  vertical  plane  passing  through 
the  station  and  the  other  object. 

An  azimuth  exceeding  ISO**  denotes  that  the  direction  of  the 
object  to  which  it  is  measured  lies  to  the  left  of  the  direction  finom 
which  azimuths  are  measured,  by  an  angle  equal  to  the  difference 
between  the  azimuth  and  360^. 

¥oT  example:  in  ^g,  25,  let  A  denote  a  station;  A  B  the  direc- 
tion of  the  pole,  or,  as  the  case  may 
be,  of  the  object  from  which  azimuths 
axe  measured,  and  which  is  held  to 
have  the  azimuth  0^  C  being  an  object 
which  lies  to  the  right  of  AB,  its 
azimuth,  being  the  number  of  degrees, 
&a,  subtended  by  the  arc  6  c,  is  equal 
to  the  angle  BAG.  On  the  other 
hand,  D  being  an  object  lying  to  the 
left  of  A  B,  its  azimuth,  b^g  the 
number  of  degrees,  &&,  subtended  by 
the  arc  V  djVi  equal  to  the  difference 
between  the  angle  BAD  and  360". 
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The  hoiizontal  angle  between  any  two  directions  is  the  difference 
of  their  anmutha,  if  that  diflference  is  less  than  1 80° ;  if  it  la  greater 
than  180*,  the  eiceaa  of 
360°  above  the  difference 
of  the  azimutha  ia  the 
angle  between  the  diivo- 
tions. 

A  Uitudei  a/nd  depresaiuna 
are  the  augltss,  always 
acute,  which  the  directions 
of  objects,  as  seen  from  a 
given  station,  make  above 
and  below  a  horizontal 
plane.  Tlie  use  of  these 
angles  will  be  further  ex- 
plained under  the  head  of 
Levelling. 

The  structure  of  theo- 
dolites varies  vety  much; 
but  there  are  cerbun  easen- 
tia]  parte  which  are  com- 
mon to  all,  and  which  will 
now  be  enumerated,  com- 
mencing at  the  top,  as  they 
ar«  found  in  the  "  Transit 
Theodolite."  The  usual 
material  is  brasB,  except 
for  the  "limb"  or  gradu- 
ated ring  of  each  of  the 
circles,  which  is  of  silver 
or  palladium. 

I.  The  Tdeseopa  A  B 
consists  of  two  tuben,  one 
sliding  within  the  other. 
The  outer  tube  has,  at  its 
further  end  A,  the  object- 
glass,  which  forms  at  its 
focus  an  inverted  image  of 
the  object  looked  at  The 
inner  tube  has,  at  its  nearer 
^6-  *«?  end  B,  a  combination  of 

passes  called  the  "  eye-piece,"  which  magnifies  that  inverted  image. 
By  the  use  of  an  additional  tube  and  certain  additional  glasses,  an 
"  erecting  eye-pieoo"  may  be  formed,  which  makes  the  object  aupear 
erect ;  bat  -  thu  causes  lose  of  light,  and  possesses  no  particular 
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•dvantB^  By  moving  the  inner  tabe  in-wards  and  Ofotwards  by 
ftiBd^andjHiiion,  turned  by  the  milled  head  b,  the  foci  of  the  object- 
giaaB  and  eye^ieoe  are  adjusted  till  thej  ooincide, 
viiich  is  known  by  the  distinct  and  steady  appear- 
iDoeof  the  image. 

At  the  eommon  focus  of  the  object-glass  and  eye- 
piece,  whera  the  inverted  image  is  seen,  there  is  a 
'*di&plir^pm"  or  partition,  with  a  nnind  hole  in  the 
middle  crossed  by  three  spider's  lines,  or  equally  ^^'  ^^' 
fine  pbtinmn  wires  (see  fig.  27);  one  horizontal,  A  B,  and  the 
otber  two,  CD,  EG,  deviating  slightly  to  opposite  sides  of  a  ver- 
tiosl  plane:  The  point  W  where  those  wires  cross  each  other  should 
be  ezacdy  in  the  axis  or  **line  of  coUimoHon*'  of  the  telescope ;  and 
iibe  beads  of  four  screws  for  adjusting  it  to  that  position  are  shown 
ats,a,  d^a,  infig.  26. 

it  The  JS^nrit'Level  c  is  attached  to  the  outer  telescope-tube 
hj  screws,  by  means  of  which  it  can  be  set  exactly  parallel  to  the 
Inie  of  ooDimation  ;  so  tha't  when  the  air-bubble  is  in  the  centre  of 
tbelerel,  the  telescope  is  horizontal  The  construction  and  use  of 
spirit-levels  will  he  further  explained  mider  the  head  of  levelling. 

IIL  The  HarizontcU  Aoeis  C,  when  the  instrument  is  in  adjust- 
ment, is  ezactlj  at  right  angles  to  the  line  of  collimation,  and 
enc%  level;  so  that  the  telescope  may  turn  about  on  the  bearings 
of  tliat  axis  in  a  truly  -vertical  plane. 

IV.  TheFranug  orSuf>port8  (D,  D,)  of  the  horizontal  axis  are  high 
enoQgh,  in  the  transit  theodolite,  to  admit  of  the  telescope  being 
tnmed  completely  over  in  a  vertical  plane;  a  motion  which  is  use- 
M  in  making  certain  observations.  In  Colonel  Everest's  theodo- 
lite the  supports  are  maxle  low,  for  the  sake  of  compactness;  but 
tlie  telescope  may  be  turned  completely  over  when  required,  by 
Htifig  the  horizontal  axis  out  of  its  bearings.  In 
the  common  theodolite  the  telescope  is  not  fixed 
in  the  middle  of  that  &zis,  hut  is  supported  in  two 
fo^edrests  called  IT^a*  ^^  ^^  ^^<^  of  a  bar  which 
is  fixed  at  right  angles  to  the  horizontal  axis;  so 
that  Ihe  telescope  can.  be  turned  end  for  end  by 
lifting  it  out  of  the  IPs.  When  not  required  to  be 
lifted  out,  the  telescope  is  clasped  firmly  in  its  Y's 
by  two  semicircular    arcs  called  "  clips,"  which  *'     ' 

are  hii^g|ed  to  the  Y's  ^  ^^^  '^^o  iuid  fastened  with  pins  at  the 
other. 

V.  The  Verdeal  Otrde  or  AkUude  Cirde  E  is  fixed  upon  the 
liotuKnital  axis.  Xt  is  divided  into  four  quadrants,  the  degrees 
ia  each  of  which  are  numbered  fix)n^  0**  to  90°,  as  indicated 
in  the  sketch,   f^gr     ^^     ^^  ^^^   ^'^  ^^^  ^^  ^^®  ^^^  ^^  ^^® 
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diameter  paiallel  to  the  line  of  coUimadon  of  tiie  telescope;  the 
two  90*8  at  the  ends  of  the  diameter  perpendicular  to  the  former. 
There  are  two  indices  with  yemiers^*  at  opposite  ends  of  a 
horizontal  bar,  read  by  the  microscopes  0,  e;  when  the  line  of  oal- 
limation  is  horizontal,  each  of  those  indices  reads^  or  ought  to 
read,0^  . 

In  directing  the  telescope  to  any  object,  it  is  turned  at  first  by 
hand  as  nearly  in  the  required  direction  as  possible;  then  the 
vertical  circle  is  **  clamped,**  by  turning  a  damp-^cr^o  which  lays 
hold  of  its  lower  edge;  and  then,  by  the  tcmgenl-Bcrew  d^  a  slow 
motion  is  given  to  the  circle  and  telescope  until  the  line  of  ooUima* 
tion  points  exactly  towards  the  object 

In  Colonel  Everest's  theodolite,  instead  of  a  complete  vertical 
circle,  there  are  two  opposite  sectors  of  about  90^  eadi,  so  as  to  be 
capable  of  measuring  altitudes  and  depressions  as  far  as  45^;  and 
the  spirit-level  is  attached  to  the  index-bar,  instead  of  to  the 
telescope. 

In  the  common  theodolite,  instead  of  a  vertical  oirde  there  is  a 
semicircle  only,  having  but  one  index  and  vernier. 

Yl.  The  Vernier-Plate  F  (fig.  26),  is  a  circukr  plate,  fixed  on 
the  top  of,  and  exactly  perpendicular  to,  the  inner  vertical  aa»9  (con- 
cealed in  the  figure).  It  carries  at  its  sides  the  supports  D,  D,  of 
the  horiiontal  axis,  in  its  centre  a  magnetic  compose  with  a  glass 
top,  and  near  its  edge  a  pair  of  epirit-levde  f,fy  at  right  angles  to 
each  other.  At  two  points  on  its  edge,  diametrically  opposite  to 
each  other,  are  two  indices  with  verniers,  read  by  means  of  the 
microscopes^,  g,  (In  many  theodolites  there  is  but  one  microscope 
for  this  purpose,  which  is  shifted  round  to  the  one  or  the  other 
vernier  as  required.) 

In  Colonel  Everent's  theodolite  the  place  of  the  lower  horizontal 
circle  is  supplied  by  tiiree  horizontal  arms  diveiging  from  the  top 
of  the  inner  vertical  axis  at  equal  angles  of  120*,  and  having  indices 
and  verniers  at  their  ends;  and  inst^ul  of  the  two  spirit-levels y)^ 
there  is  one  spirit-level  fixed  parallel  to  the  horizontal  axi& 

YIL  The  HoTizonkd  Circle  G  has  its  edge  or  limb  bevelled  to 
the  figure  of  the  frustum  of  a  cone,  and  graduated;  the  degrees 
being  numbered  continuously  round  it  towards  the  right,  up  to 

*  Aooordini;  t»  the  ordinarj  oonstraction  of  a  vernlar,  iu  toUl  length  ooDftlstB  of 
a  munber  of  diyieleni  of  the  primsnr  ecale  leas  by  one  than  the  namber  of  smaller 
diviaions  into  whieh  tlioee  diylaiou  an  to  be  rabdivided.  Suppose,  for  ezampk^ 
that  the  limb  of  one  of  the  circles  of  a  theodolite  Is  divided  to  third  parte  of 
a  degiee^  or  2(P,  and  that  it  is  to  be  subdivided  by  a  veraier  to  third  parts  of  a 
minute^  or  20*,  each  subdivision  being  cnt-mxlkik  part  of  a  primarj  division:  tiie 
length  of  the  vernier  will  be  60  —  1  =  59  divisions  of  the  primaiy  scale,  and  it  will 
be  divided  Uito  60  equal  parts,  each  equal  to  59-60ths  of  a  division  of  the  primaiy 
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y^9  as  iodieaied  hy  tlie  sketch,  fig.  29.     The  &06b  of  the  verniers 

Vb  partions  of  the  aame  conical  rar&oo.     An  arm  projecting  from 

tte  ▼enuer-plftte  (or  in  Colonel  Everest's  theodolite,  from  the  inner 

^^^ertiead  axis)  carries  the   damp  H  for  laying  hold  of  the  oiicle 

%iber  the  telesoope   iias    been   turned  approximately  towards  an 

object  fay  handy  and  tiie  ianffen^screw  I  for 

gpnriBg  the  'vermer-plate  a  slow  motion  until 

the  line  of  coUimation  points  exactly  towards 

the  object. 

The  siae  of  the  circles  of  a  theodolite,  both 

hoRBontaJ  and  vertical,   and  the  minateness 

of  Ihor  gradnationa,  depends  on  the  extent 

and  aocoracy  of  the    operations  for  which 

they  are  intended.      Four  inches  and  eight 

inclies  in  diameter  are    about  the  extreme 

Imnts  of  diameter  for  horizontal  circles  in  ^ 

these  made  for  any  ordinary  purpose,  though  a  few  have  been  made 

of  Is^er  sisea     Those  most  commonly  used  in  surveying  have  circles 

of  five  inches  in  diameter,  divided  into  half-degrees,  and  subdivided 

by  the  vemierB  to  sin^e  minutes,  and  by  estimation  with  the  eye  to 

htlforqiiaiter  niinnte&      For  such  purposes  as  the  principal  tri- 

lagoktion  cf  the  survey  for  a  line  of  railway,  and  for  ranging 

ewes,  a  larger  theodolite  is  requisite:  it  is  generally  sufficient 

tD  use  one  with  circles  of  six  inches  in  diameter,  divided  to  twenty 

mimites,  and  subdivided  by  the  verniers  to  twenty  seconds,  and  by 

estzmation  with  the  eye  to  ten  seconds. 

YIIL  The  Ouiar  Vertical  Axis  K  is  fixed  to  the  horizontal 
arde,  and  is  a  tnbe^  containing  within  it  and  accurately  fitting 
the  inner  vertical  axis.  It  turns  round  on  a  ball-and-Bocket  joint 
tt  its  lower  end;  and  is  clami)ed  in  any  required  position  by 
means  of  a  collar  ^with  a  tightening-screw  k  From  the  collar 
prajeds  an  arm,  acted  upon  by  means  of  the  tangent-screw  i,  so 
as  to  give  a  alovr  niotion  in  azimuth  to  the  horizontal  circle  when 
tbe  outer  vertical  sods  is  clamped  The  fixed  nut  of  this  screw  is 
attadied  to — 

IX.  The  Upper  rnvraltd  PlaU  L,  through  a  cylindrical  socket  in 
vhich  the  outer  vertical  axis  passes,  so  as  to  be  always  at  right 
aa^  to  it.  The  four  pUUerScrewB  I,  /,  I  (and  a  fourth  concealed), 
anve  to  place  the  vertical  axes  truly  vertical,  by  adjusting  the 
positioii  of  the  plate  Ii  relatively  to — 

X.  The  Lower  PofraUd  FitUe  M,  to  the  centre  of  which  the  outer 
vertical  axis  is  attached  by  means  of  the  ball-and-socket  joint 
before  mentioned-      This  plate  is  screwed  upon — 

XL  The  ^aff-Htad  N,  which  is  supported  by  three  strong 
wooden  legs.     In  the  middle  of  the  lower  side  of  the  staff-head. 
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directly  under  the  yertical  axia,  is  screwed  a  book  (oonoealed 
iB  the  figure),  from  which  a  plummet  is  hung,  in  order  to  ascertain 
whether  the  centre  of  the  theodolite  is  exactly  over  the  station 
on  the  ground. 

Inst^  of  the  upper  parallel  plate,  Colonel  Everest's  theodolite 
has  three  diverging  arms  (fig.  30),  as  in  an  astronomical  circle, 
with  a  vertical  foot-screw  supporting  the  end  of  each.  The  lo-wer 
end  of  each  screw  has  a  shoulder,  by  means  of  which  it  is  held 

down  to  the  plate  which 
forms  the  top  of  the  staff- 
head;  and  those  shoulders 
form  the  only  attachment 
between  the  stafi'-head  and 
the  instrument  The  chief 
advantage  of  this  construo- 
tion  is,  that  the  three  foot- 
screws  can  be  adjusted  with 
one  hand;  whereas  the  ad- 
justment of  the  four  plate- 
acrews  in  the  ordinary 
construction  requires  both 
hands. 

In  some  theodolites  a 
second  telescope  is  attached 
below  the  horizontal  circle, 
in  order,  by  directing  that 
telescope  on  an  object,  to 
test  whether  the  circle  has 


Fig  SO. 


been  disturbed  during  the  interval  between  two  observations. 

35.  A4iMiaieKto  ^f  tiie  Theo4«iiie. — The  adjustments  of  the 
theodolite,  as  well  as  those  of  eveiy  other  surveying  instrument, 
may  be  distinguished  into  temporary  adjustments,  which  are  made 
by  the  user  of  the  instrument  each  time  that  it  is  set  up,  and  per> 
manent  adjustments,  which  are  made  by  the  manu£Eu;turer,  and 
only  tested  and  corrected  occasionally  by  the  user. 

L  The  Temporary  Adjustments  will  now  be  described,  on  the 
supposition  that  the  permanent  adjustments  are  correct. 

(1.)  Place  the  theodolite  at  the  station  by  the  aid  of  the  plumb- 
line  mentioned  in  Division  XL  of  the  last  Article. 

(2.)  To  "level  the  instrument*' — that  is,  to  place  the  vertical 
axis  truly  vertical — the  easiest  process  is  to  make  the  vernier- 
plate  truly  horizontal  by  means  of  the  spirit-levels/,/  For  that 
purpose  it  is  to  be  turned  into  such  a  position  that  the  two  spirit* 
levels  If  I  shall  be  parallel  respectively  to  the  two  diagonals  of  the 
square  formed  by  the  plate-screws.     Then  the  bubble  is  to  be 
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bronglit  to  tfaie  centre  of  each  level  by  turning  the  pair  of  plate- 
flcrews  to  whose  plane  the  level  lies  paralleL 

A  more  exact  adjustment)  however,  can  be  made  by  means  of 
tlie  level  e  attached  to  the  telescope,  because  it  is  larger  and  more 
delicate  than  those  attached  to  the  vernier-plate.  To  effect  this 
adjustment,  torn  the  vernier-plate  till  the  telescope  is  over  one  pair 
of  plate-screws:  by  the  aid  of  the  tangent-screw  dy  adjust  the 
vertical  circle  careftdly  to  0° ;  turn  the  pair  of  plate-screws  under 
the  telescope  until  the  bubble  is  brought  to  the  centre  of  the  spirit- 
level  :  turn  the  vemier^plate  round  through  180®;  if  the  bubble 
now  deviates  from  the  centre  of  the  spirit-level,  correct  one-half  of 
the  deviation  by  the  tangent-screw  d,  and  the  other  half  by  the 
plate-screws  :  turn  the  vemiei^plate  through  90®,  so  as  to  bring  the 
teieacope  over  the  other  pair  of  plate-screws,  by  means  of  which 
bring  die  bubble  to  the  centre  of  the  level  again  :  the  vertical  axis 
is  now  truly  vertical 

K  the  bubbles  are  not  now  at  the  centres  of  the  vernier-plate 
leveb^  /,  those  levels  are  not  truly  perpendicular  to  the  vertical 
axis ;  but  the  correction  of  this  error  belongs  to  the  permanent 
adjustments. 

In  Colonel  Everest's  theodolite  the  vertical  axis  is  adjusted  by 
means  of  the  level  which  is  parallel  to  the  horizontal  axis,  by  first 
placing  that  level  parallel  to  a  line  joining  any  two  of  the  three  foot- 
screws,  and  bringing  the  bubble  to  the  centre  by  turning  one  or  both 
of  them,  and  then  turning  the  upper  part  of  the  instrument  through 
90*,  and  bringing  the  bubble  to  the  centre  of  the  level  in  its  new 
poeition  by  means  of  the  third  foot-screw. 

(3.)  To  adjust  the  telescope  for  the  prevention  of  "  parallax  " — 
that  IS,  to  bring  the  foci  of  the  glasses  to  the  cross-wires, — look 
through  the  telescope,  and  shift  the  eye-piece  in  and  out  until 
the  cross- wires  are  seen  with  perfect  distinctness.  Then  direct  the 
telescope  to  some  well-defined  distant  object,  and  by  means  of  the 
milled  head  b,  shift  the  inner  tube  in  and  out  until  the  image  of 
the  object  is  seen  sharp  and  dear,  coinciding  apparently  with  the 


The  latter  part  of  this  adjustment  has  to  be  made  anew  for  each 
new  object  at  a  different  distance  from  the  preceding  one.  The 
nearer  the  object,  the  further  must  the  inner  tube  be  ditkwn  out. 

A  good  test  of  the  adjustment  for  parallax  ia  to  move  the  head 
fipom  side  to  side  while  looking  through  the  telescope.  If  the  ad- 
justment is  perfect,  the  image  of  the  object  will  seem  steadily  to 
coincide  witii  the  cross-wires  :  if  imperfect,  the  image  will  seem  to 
waver  as  the  head  is  moved.  If  the  image  seems  to  shift  in  the 
opposite  direction  to  the  hetid,  the  inner  tube  must  be  drawn  out 
fuziber ;  if  in  the  same  direction,  it  must  be  drawn  inwards. 
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IL  The  PetmanenJt  Ad/us^nenta  should  be  tested  fiom  time  to 
time;  but  in  a  well-made  theodolite  they  will  seldom  require 
correctioiL  Before  testing  those  adjustments,  the  tempozaiy  ad- 
justments should  be  made  with  care. 

(I.)  The  Adjtistment  of  the  Line  of  CoUtm(Ut4m,  in  a  transit  theo- 
dolite, and  also  in  Colonel  Everest's,  consists  in  placing  that  line 
precisely  at  right  angles  to  the  horizontal  axi&  To  effect  thiB^ 
direct  ^e  line  of  colUmation  towards  some  very  distinct  distant 
object,  bringing,  by  means  of  the  tangent-screw  of  the  horizontal 
circle,  the  cross-wires  to  coincide  in  azimuth  with  the  image  of  a 
well-defined  point  in  that  object  The  vertical  circle  should  be 
undamped,  ^ow  lift  the  horizontal  axis  out  of  its  bearings,  and 
replace  it  with  the  ends  reversed,  so  that  the  telescope  is  upside 
down ;  if  the  cross-wires  now  coincide  in  azimuth  with  the  same 
object,  the  line  of  collimation  is  perpendicular  to  the  horizontal 
axis ;  if  not,  one-half  of  the  deviation  is  to  be  corrected  by  shifting 
the  cross-wires  by  means  of  the  horizontal  adjusting-screws  of  the 
diaphragm,  and  the  other  half  by  the  tangent-screw  of  the  horizontal 
circla  Keverse  the  horizontal  axis  again,  and  repeat  the  operation 
till  the  adjustment  is  perfect 

In  the  transit  theodolite  there  is  another  mode  of  reversing  the 
telescope  to  perform  this  adjustment,  which  consists  in  turning 
the  telescope  over  on  its  horizontal  axis,  and  then  turning  it  round 
through  exactly  180®  in  azimuth. 

In  the  common  theodolite  the  line  of  collimation  is  adjusted  by 
turning  the  telescope  half  round  in  its  Y*s  about  its  own  axis,  and 
observing  whether  the  cross-wires  continue  to  coincide  with  the 
same  object  Should  they  deviate,  half  the  deviation  is  to  be 
corrected  by  the  diaphragm-screws,  and  the  other  half  by  the 
tangent-screw  of  the  horizontal  circle.  This  adjustment  places  the 
line  of  collimation  in  coincidence  with  the  axis  of  the  Y'&  The 
adjustment  of  the  latter  line  perpendicular  to  the  horizontal  axis  ia 
left  to  the  instrument  maker. 

(2.)  The  AdjustmerU  o/tlie  Level  aUached  to  the  Tdeacope  can  only 
be  effected,  in  the  transit  theodolite,  by  methods  which  will  be 
explained  in  treating  of  the  adjustment  of  levelling  instruments^ 
The  same  may  be  said  of  the  adjustment  in  a  vertical  direction  of 
the  line  of  collimation.     (See  Art  50.) 

In  the  common  theodolite,  having  levelled  the  level  attached  to 
the  telescope  by  the  tangent-screw  of  the  vertical  circle,  lift  the 
telescope  out  of  the  T's  and  set  it  down  again  turned  end  for  end 
If  the  bubble  deviates  from  the  Centre  of  the  level,  correct  half  the 
error  by  the  adjusting-screws  which  connect  the  level  with  the 
telescope,  and  the  other  half  by  the  tangent-screw  of  the  vertical 
circle. 


MEASUBXHO  HOBIZOSTAL  ABOUBl  61 

(3.)  To  uoestain  the  Indeoo^rror  of  the  Vertical  Cireia,  set  the 
Tertical  azia  truly  Tertical  with  great  care,  as  described  under  the 
heMl  of  temporaiy  adjtistmentsj  set  the  spirit-level  on  the  tele- 
loope  ezactlj  level;  observe  the  reading  on  tiie  vertical  circle;  if 
it  is  0*,  there  is  no  error ;  if  it  differs  from  0*,  tike  difference  is  an 
eiTor  in  Uie  positioii  of  the  index  of  the  vertical  cirde,  to  be 
sJIoired  for  in.  each  angle  measured. 

(4.)  The  Ac^uatmeni  of  the  fforizonial  Axis  eooaeUy  perpendieular 
to  tis  Vertical  Axia  is  generally  left  to  the  instroment  maker;  but 
in  some  theodolites  there  are  adjusting-scxews  for  the  supports  of 
the  horiaontal  axis.  In  this  case  the  perpendicularity  of  the  hori< 
fontil  to  the  vertical  azia  may  be  tested  by  directing  the  teleeoope 
on  an  olgect  whose  altitude  is  considerable;  then  tuniing  it  round 
tiiroo^  exactly  180^  in  azimuth,  and  tuniing  it  over  in  a  vertical 
plane  ao  aa  to  look  at  the  same  object  If  the  cross- vires  can 
agun  he  htoaght  to  coincide  with  the  object,  tiie  adjustment  is 
correct ;  if  not,  half  the  deviation  is  to  be  corrected  by  the  tangent- 
serew  of  the  horizontal  circle,  and  the  remainder  by  the  adjusting- 
scievB  of  the  sapports ;  and  the  operation  is  to  be  repeated  till  the 
adjustment  is  found  to  be  correct 

This  adjustment  may  also  be  tested  by  observing  whether,  when 
the  instrunient  is  damped  in  azimuth,  the  cross- wires  traverse  an 
object  and  its  image  as  reflected  from  a  level  surface  of  fluid. 

36.  Wmwgi^K  H«riB*BtBi  AagiM  wUh  tii«  Tfce*j«ute. — ^To  measure 
the  horiBontal  projection  of  the  angle  subtended  at  a  given  station 
A,  by  the  direction  of  two  objects  B  and  C, — ^in  other  words,  the 
Terence  of  azimuth  of  the  two  objects, — set  up  the  theodolite  at 
tiie  station,  and  make  the  temporary  adjustments  as  described  in 
the  preceding  Article.  The  outer  vertical  axis  being  clamped,  and 
the  vernier-plate  and  vertical  circle  A  undamped,  direct  the  tele- 
scope towaitls  one  of  the  objects  (as  B),  as  accurately  as  possible 
bv  the  hand ;  damp  the  vernier-plate,  and  by  its  tangent-screw 
l»ing  the  cross-wires  to  cover  the  object  eicactly.  Bead  the 
d^rees,  minutes,  and  seconds  indicated  by  one  vernier,  and  the 
minutes  and  seconds  indicated  by  the  other,  and  note  them  down. 
Find  the  mean  arc  indicated,  by  setting  down  the  entire  degrees  as 
read  on  the  first  vernier,  and  the  mean  between  the  additional  ai'cs 
in  minotes  and  seconds  as  read  by  the  two  verniers. 

XJnclamp  the  vernier-plate,  direct  the  telescope  towards  the  other 
object  (C),  and  proceed  as  before,  taking  care  to  read  the  entire 
d^rees  on  the  same  Temier. 

The  difference  between  the  mean  arcs  read  off  when  the  line  of 
eoUimation  is  directed  towards  B  and  C  respectively,  is  the  required 
difference  of  azimuth,  or  the  horizontal  angle  BAG. 
The  object  of  reading  the  minutes  and  seconds  on  both  verniers, 
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and  iakisg  the  mean,  is  to  correct  the  effect  of  any  erron  vfaicbi 

might  arise  from  the  vertical  axis  not  being  emtctly 
concentric  with  the  graduated  limb  of  the  hori- 
zontal circle.  In  fig.  31^  let  £  C  and  D  B  be  two 
straight  lines  cutting  each  other  in  A,  a  point  not 
in  the  oentre  of  the  circle  B  C  D  R  The  eccen- 
tricity of  that  point  produces  equal  and  opposite 
Fig.  81.  deviations  in  the  arcs  B  C  and  D  E  from  the 
arc  which  would  subtend  an  angle  equal  to  B  A  C  at  the  centre 
of  the  circle ;  so  that  the  mean  of  those  arcs  is  exactly  equal  to 
the  arc  which  correctly  measures  the  angle  BAG,  how  great 
soever  the  eccentricity  may  be. 

The  same  object  is  attained  in  Colonel  Everest's  theodolite  by 
taking  the  mean  of  the  arcs  read  off  by  the  three  equidistant  ver- 
niers, which  are  used  in  order  to  give  better  security  against  errors 
in  graduation  than  two  verniers  give. 

In  the  transit  theodolite,  errors  arising  from  the  horizontal  axis 
not  being  exactly  perpendicular  to  the  vertical  axis  may  be  elimi- 
nated by  turning  the  telescope  over  about  the  horizontal  axis,  and 
half  round  about  the  vertical  axis,  repeating  the  measurement 
of  the  angle  in  this  new  position,  and  taldng  the  mean  of  the 
results. 

When  a  series  of  horizontal  angles  has  been  measured  at  a 
station  between  a  series  of  objects,  returning  at  last  to  the  object 
with  which  the  observations  commenced,  the  accuracy  of  the  obser- 
vations may  be  tested  by  adding  the  angles  together ;  when  their 
sum  ought  to  be  exactly  360^  Should  it  differ  by  a  small  arc  from 
360*^,  the  most  probable  values  of  the  several  angles  will  be  found 
by  dividing  the  total  error  by  the  number  of  errors  to  find  the 
correction,  which  is  to  be  added  to  or  subtracted  from  each  of  them 
according  as  their  sum  is  too  small  or  too  large. 

When  very  great  accuracy  is  required  in  measuring  a  horizontal 
angle,  the  effect  of  errors  of  graduation  may  be  diminished  to  any 
required  extent  by  the  process  called  Repetition,  which  is  as 
follows  : — 

Clamp  the  vemier-jdate^  and  read  the  verniers. 

Unclamp  the  vertieal  aais;  direct  the  telescope  towards  B; 
damp  the  vertical  axis,  and  diroct  the  line  of  collimation  exactly 
towards  B  by  the  tangent-screw  of  the  vertiocU  cuda, 

Unclamp  the  vernier-plate ;  direct  the  telescope  towards  C ; 
clamp  the  vemiei>plate,  and  direct  the  line  of  collimation  exactly 
towards  C  by  the  tangent-screw  of  thd  vemier-plale, 

Unclamp  the  vertical  axis,  &c  (as  before). 

Bepeat  the  whole  operation  as  many  times  as  it  is  required  to 
reduce  the  errors  of  graduation,  observing  always  to  direct  the 
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line  c^  m-TtifmKffn  towards  B  b^  tnming  tlu  TertiGftl  axis,  nxd 
lowmrda  C  17  tnmii^  tiie  Temier-plftte.  finally,  the  line  of  ool- 
limaliMi  being  pointed  towimls  C,  rand  tbe  Temiere,  ramembering 
U>  Rckon  Seif  far  eaoh  complete  revoluticm  of  tlis  veruier-plat« 
npoD  tite  horiBontal  circle. 

Tbe  difference  between  t^  arcs  lead  at  the  banning  and  at  the 
end  of  ibe  proceea  will  be  equal  to  tbe  arc  mbtended  by  the  angle 
B  A  C  mnltiplied  by  the  number  of  repeOtiotu  ;  and  being  divided 
bj  that  number  will  give  the  required  angle.  The  mnltipKed  arc 
^  be  affected  by  only  one  error  of  graduation,  which  will  bo 
divided  in  finding  the  required  aic ;  so  that  tiie  error  in  the  final 
Rsolt  will  be  equal  to  Uw  original  error  divided  by  the  number  of 
repcttbon& 

Tlis  proceaa  diminisbes  the  eflect  of  erron  of  obeervatton  oome- 
wbat,  bat  not  in  the  same  poportiMi  with  erron  of  gradoation ; 
because  an  obaerrer  tends  in  general  to  make  erron  in  the  lame 
direction  at  each  observation  j  and  such  eirors  aoonmnlate  by 
repetition. 

37.  BaflHitav  iBittmBcWB  (u«  used  chiefly  in  navigation  and 
marine  surveying ;  bat  aa  ^vj  are  occMionalty  used  in  land  aur- 
vering  abo,  a  general  deecriptiuu  of  their  coaatmotioo  and  action 
■ill  be  given  here. 

The  principle  npon  which  reflecting  instmments  act  is  this ;— that 
if  there  are  two  plane  mirron  whose  reflecting  surfccea  make  a 
given  angle  with  each  other,  and  a  tay  of  light,  in  a  pkne  peq>en- 
dkolar  to  the  planee  of  both 
nirron,  is  reflected  from  both 
sQccesi  vely ,  its  direction  after 
tht  Kcond  reflection  mokes 

(ith  its  original  dii«ction  an  ■"■'jf 

uigle  which  is  double  of  tbe 
angle  made  by  tbe  mirrots 
*ith  each  other. 

Onre    applicatioQ    of  this 
pricLciple — the  optical  square  , 
—has  already  been  described 
m  Article  24,  page  21. 

The  McBtawt  (%  32)  is  of 
tbefonnof  asectM-ofacircle, 
of  SO",  and  sometimM  rather  ^' 

more,  in  angular  extent.  A  B  is  the  graduated  limb,  on  which  the 
decrees  are  of  one-half  of  the  extent  of  Umee  on  a  non-reflecting 
utstrnment;  so  that  for  example,  an  exact  sextant  is  divided  into 
120  degrees  instead  of  60*.  C  G  ia  the  index,  having  a  vernier, 
ud  a  microwope  U  for  reading  the  diviKons.     At  the  back  of  the 
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infltniment  is  a  damp-Borew,  not  Bhown,  for  holding  the  ind^jc  in 
any  required  position,  and  at  D  is  a  tangent-screw  for  giving 
it  a  slow  motion  to  complete  its  adjustment  The  two  mirrors 
hare  their  planes  at  right  angles  to  the  plane  of  the  instrumeixt; 
one  of  them,  called  the  ^'  indea>glaMy^  0,  is  carried  by  the  indeic  at 
its  centre  of  motion;  the  other,  called  the  ** horizoTi-gUua,**  N,  is 
carried  by  the  frame  of  the  sector;  half  of  it  is  silvered  aad  the 
remainder  imsilvered.  The  unsilvered  half  is  the  further  from  the 
face  of  the  instrument.  Both  mirrors  should  be  made  of  strong 
plate  glass,  with  its  sui&ces  exactly  plane  and  parallel 

T  is  a  telescope  directed  towards  the  horizon  glass.  It  is  caixied 
by  a  ring  K,  and  capable  of  adjustment  to  a  greater  or  less  (listanoe 
from  the  plane  of  the  instrumcDt ;  and  the  object  of  that  adjustment 
is,  to  Tary  tiie  proportions  of  the  light  received  from  the  silvered 
part  and  throu^  tiie  unflilvered  part  of  the  horizon-glass,  so  as  to 
render  the  images  of  two  luminous  objects  seeu  directly  and  by 
reflection  equally  bright,  although  the  objects  themselves  majr  be 
unequally  bright  That  equalisation  of  brightness  is  favourable  to 
accuracy  in  observing  angles. 

E  and  ¥  are  sets  of  darkening  glasses,  of  various  colours  and 
shades,  which  are  used  when  required,  to  moderate  the  light  from 
very  bright  objects,  such  as  the  sun. 

H  is  the  handle  by  which  the  instrument  is  held 

Sextants  for  nautical  purposes  usually  have  the  graduated  limb 
of  from  six  to  eight  inches  radius,  the  graduated  limb  being  sub- 
divided by  the  vernier  to  20"  in  the  smaller  sizes,  and  10'  in  the 
larger.  The  observer  can  in  each  case  read  to  one-half  of  these 
arcs  by  estimation. 

The  nautical  sextant  is  seldom  used  for  land  survejdng.  ^or 
that  purpose  the  box-sextant  is  employed,  and  for  triangles  of  small 
extent  only,  not  exceeding  about  a  mile  in  length  of  side.  Tlie 
box-sextant  is  a  sextant  so  small  as  to  be  entirely  contained  within 
a  cylindrical  brass  box  of  about  three  inches  in  diameter  and  tv^a 
inches  in  depth.  It  is  graduated  to  half-degrees,  and  subdivided 
by  the  vernier  to  minutes,  and  by  estimation  to  half-minutes.  It 
is  usually  furnished  with  a  small  telescope,  which,  however,  it  ia 
seldom  necessary  to  employ,  a  plain  sight-hole  being  used  instead. 
The  index  is  moved  by  a  pinion  and  toothed  sector. 

The  box-sextant  has  sometimes  a  contrivance  added  for  enabling 
it  to  measure  angles  greater  than  120°.  That  contrivance  depends 
on  the  principle,  thcU  if  two  reflected  rays  of  light  proceed  in  the  sa^ne 
direction  from  two  rnvrrore  tohich  make  cm  angle  with  each  other^  the 
directione  of  the  rays  before,  reflection  make  double  that  a/ngle  with 
each  other;  and  it  consists  of  a  small  mirror  below  the  index-glass, 
fixed  in  such  a  position  that  when  the  index  is  at  the  mark  num- 
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bend  180^  upon  wbatis  called  the  "  sapplementaiy  aro,**  thoae  tiro 
mirrors  aie  at  right  angles  to  each  other ;  and  the  objects  whose 
inuillies  as  seen  in  them  i^pear  to  coincide  in  direction,  lie  in  &ct 
in  diaraetricailj  opposite  directions. 

Tnmgfaton^s  mtmmttim^  oirci#  is  an  instrument  having  the  mirrors 
and  teksoope  of  a  sextant,  together  with  a  completely  circular 
limb^  and  three  indices  radiating  from  its  centre  at  angles  of  120*. 
Bj  observing  each  angle  with  the  instrument  in  two  positions, 
mding  each  angle  observed  upon  the  three  verniers,  and  taking 
the  mean  of  the  six  results,  some  of  the  errors  of  a  sextant  are 
aToided,  and  others  diminished. 

The  VaivvvMi  ■■flanmcwtv  as  improved  by  Professor  Piazzi  Smyth, 
is  a  sort  of  reflecting  circle,  in  which  a  spirit-level  with  a  very  small 
bubble  is  so  placed  that  by  means  of  a  lens  and  a  totally  reflecting 
prian  an  image  of  the  bubble  is  formed  at  the  focus  of  the  telescope, 
aod  the  coincidence  of  the  centre  of  that  image  with  the  cross- wires 
shows  when  the  line  of  collimation  is  truly  horizontaL 

The  adUawiwia  wf  Ae  Sezuuit  are  ••  r«il«w*i — 

(1.)  To  place  the  index-glass  exactly  perpendicular  to  the  plane 
d  the  instrument.  This  adjustment  is  made  by  the  maker ;  but 
the  obseTver  may  test  it  by  setting  the  index  to  about  6Cf,  and 
looking  at  the  image  of  the  limb  of  the  instrument  as  reflected  in 
the  index-glass  ;  when  the  real  limb  and  the  image  ought  to  seem 
to  £irai  one  continuous  arc. 

(i)  To  place  the  horizon-glass  exactly  perpendicular  to  the  plane 
fi  the  instrument.  This  adjuRtment  is  tested  by  clamping  the 
index  near  to  0^;  looking  at  some  well-deflned  far  distant  object, 
and  tuining  the  tangent-screw  of  the  index  till  the  object  aB  seen 
^Kdly  and  its  reflected  image  are  made  to  seem  to  coincide,  if 
posible.  If  the  horizon-glass  is  correctly  adjusted,  it  will  be 
posaiUe  to  make  the  apparent  coincidence  exactly ;  if  not,  the  glass 
^ust  be  corrected  by  means  of  adjusting  screws  with  which  it  is  fitted. 

(3.)  To  ascertain  the  "index-error,**  the  angle  marked  by  the 
index  is  to  be  read  off  when  the  above-mentioned  coincidence  has 
^  Budft  If  there  is  no  index-error,  the  index  will  mark  exactly 
^^:  any  deviation  from  this  is  to  be  noted  down  as  the  index-error 
of  the  instrument,  and  allowed  for  in  all  future  angular  measure- 
iiMiuta.  For  the  purpose  of  measuring  the  index-error  when  it  is 
negative  (that  is — ^when  the  correction  for  it  is  to  be  added),  the 
fTadnations  of  the  limb  are  carried  a  short  distance  back  from  0^ 
In  raiding  this  part  of  the  limb  (called  the  "  arc  of  excess''),  the 
divisions  of  the  vernier  are  to  be  reckoned  the  reverse  way. 

m  The  parallelism  of  the  line  of  collimation  of  the  telescope  to 
the  phme  of  the  instrument  ia  tested  by  placing  the  index  so  as  to 
ptoduoe  the  apparent  coincidence  of  two  distinct  objects  whose 


66  ENOIKEEBINO  QEODEST. 

directions  make  an  angle  of  SO',  or  thereabouts,  and  observing 
whether  a  slight  motion  of  the  plane  of  the  sextant  about  an  axis 
traversing  the  object  seen  by  reflection  disturbs  the  apparent  cohi- 
cidence,  which  it  should  not  do  if  the  adjustment  is  correctb 

38.  Um  •f  the  Sextant  !■  SarFejing.— To  measure  a  horizontal  or 
nearly  horizontal  angle  with  the  sextant,  hold  the  instrument  so  that 
the  plane  of  its  face  shall  pass  through  the  two  objects  subtending 
the  angle :  look  through  the  telescope  or  sight-hole  at  the  object 
which  is  farthest  to  the  left,  so  as  to  see  it  through  the  imailvered 
part  of  the  horizon-glass ;  move  the  index  by  hand  until  the  reflected 
image  of  the  right-hand  object  is  seen  in  the  silvered  part  of  the 
horizon-glass ;  clamp  the  index,  and  move  it  slowly  by  the  tangent- 
screw  till  that  image  apparently  coincides  with  the  left-hand  object 
(In  the  box-sextant,  the  entire  motion  of  the  index  is  produced  by 
turning  the  pinion.)  Then  read  the  angle  by  means  of  the  index 
and  vernier,  and  add  or  subtract  the  index-error  according  as  it  lies 
behind  or  in  advance  of  0^ 

In  fig.  32,  P  S'  represents  the  direction  of  the  leflrhand  object; 
P  S  that  of  the  right-hand  object  When  the  image  of  the  latter 
appears  to  coincide  with  the  former,  the  rays  of  light  coming  from 
the  right-hand  object  are  reflected  from  the  mirror  C  to  the  miiTor  N, 
and  thence  to  the  eye  in  the  same  direction  with  those  which  come 
directly  fix)m  the  lefb-hand  object;  and  according  to  the  principle 
stated  at  the  beginning  of  the  last  article,  the  angle  made  by  the 
directions  of  the  objects  S,  P,  S',  is  double  of  that  made  by  the  planes 
of  the  mirrors.  When  the  mirrors  are  parallel  to  each  other,  the 
index  points  to  0®  (or  deviates  from  that  point  by  the  index-error 
only^;  and  the  divisions  marked  as  degrees  on  the  limb  are  of  half 
the  length  of  actual  degrees ;  so  that  the  angle  read  off  on  the  limb 
(index-error  being  allowed  for),  is  the  angle  between  the  directions 
of  the  objects.  If  there  is  much  difference  in  the  distinctness  of 
the  objects,  the  less  distinct  object  should  be  looked  at  directly ; 
and  should  it  lie  to  the  right  of  the  other,  the  face  of  the  sextant 
must  be  turned  downwards. 

In  order  that  the  angle  measured  may  be  a  horizontal  angle,  the 
two  objects  and  the  observer's  eye  must  be  at  the  same  level.  When 
this  is  not  the  case,  three  methods  may  be  followed.  The  least 
accurate  is,  to  choose  by  the  eye  two  objects  in  the  same  vertical 
planes  with  the  objects  whose  relative  azimuth  is  to  be  found,  and 
as  nearly  as  possible  on  a  level  with  the  observer's  eye,  and  to 
measure  the  angle  between  these.  To  attain  greater  accuracy,  two 
vertical  poles  are  to  be  ranged  and  adjusted  by  the  plumb-line,  in 
the  directions  of  the  two  objects,  and  the  angle  between  tlicni 
measured  with  the  plane  of  the  sextant  horizontal.  In  using  tlie 
box-sextant  for  the  details  of  a  survey,  one  or  other  of  these  methods 
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b  in  general  sufficiently  acctuate,   if  the  ground  is  not  very 
hilly. 

Tbe  most  accurate  method  is  to  measure  the  angle  between  the 
objects  themselves,  and  to  take  also  the  angle  of  altitude  or  depres- 
son  of  each.  (The  taking  of  such  angles  will  be  further  considered 
under  the  head  of  levelling.)  The  zemth  distance  of  each  object  is 
tound  by  subtracting  its  altitude  from,  or  adding  its  depression 
to,  90». 

In  fig.  33,  let  O  represent  the  observer's  station ;  O  B,  O  C,  the 
directions  of  the  objects;   B  O  C  the  angle  between 
them;  O  D  £  a  horizontal  plane;  D  O  B  and  £  O  C    ^' 
the  altitudes  of  the  objects;  O  A  a  vertical  line,  and 
A  D  £  a  spherical  surface. 

Then,  in  the  spherical  triangle  ABO,  the  three  sides  u( 
are  given,  viz.,  A  B  and  B  C,  the  zenith  distances,  and 
B  C,  the  angle  between  the  objects;  and  tbe  horizontal       ^ 
pTojecfeLon  of  that  angle,  being  equal  to  the  angle  A,  ^'     ' 

may  be  computed  by  the  proper  formuJa.    (See  Article  33,  Division 
v.,  equation  66,  p.  50.) 

39.  itm  mf  Mhm  Cmmpmam  te  Wmrrtffmff, — It  has  already  been  men- 
ticmed  that  the  theodolite  is  usually  provided  with  a  compass, 
carried  on  the  centre  of  the  vernier-plate.  This  compass  consists  of 
a  iBtgnetic  needle,  hung  by  an  agate  cap  on  a  point  in  the  centre  of 
tbe  instrument,  and  of  a  flat  silver  ring  fixed  round  the  inside  of  the 
oompaas-box,  and  divided  into  degrees  and  half-degrees,  the  num- 
bering of  which  usually  commences  at  a  point  exactly  under  the 
tdescope,  and  proceeding  towards  the  left^  goes  completely  round 
the  circle,  ending  at  the  point  where  it  started,  which  is  marked 
360°.  There  is  a  small  catch,  by  pressing  which  the  magnetic 
Beedle  is  lifted  off  its  bearing  when  not  in  use,  to  avoid  unnecessary 
weu;  and  by  which  also  its  vibrations  are  gradually  checked  when 
an  observation  is  made.  To  find  the  magnetic  bearing  of  any  object 
from  a  given  station,  the  line  of  collimation  of  the  telescope  is 
directed  towards  it;  and  the  surveyor,  when  the  vibrations  of  the 
needle  have  ceased,  reads  the  angle  to  which  the  north  end  of  the 
needle  points,  and  which  denotes  so  many  degrees  to  the  east  ofrwrth. 
When  the  angle  to  the  east  of  north  exceeds  90^,  it  is  to  be  observed 
that  W*  east  of  north  means  easty  180^^  east  of  north,  souih^  and 
270<*  east  of  north,  west.  In  some  cases,  however,  the  ring  is 
divided  into  four  quadrants,  the  points  in  a  line  directly  under  the 
telescope  being  both  marked  0°,  and  the  points  in  a  line  perpen- 
dicular to  the  telescope,  90°,  as  in  fig.  28,  p.  55;  and  then  the 
bearing  is  read  so  many  degrees  to  the  east  of  north,  west  of  north, 
east  of  south,  or  west  of  south,  as  the  case  may  be. 

The  compass  most  frequently  used  in  surveying  is  the  Prismatic 
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Compaq,  consistmg  of  a  glass-covered  box  three  or  four  inches  u 
diameter,  in  which  is  hung  a  magnetic  needle :  the  needle  carriei 
a  light  graduated  silver  ring  fixed  upon  it,  and  the  box  has  sights 
fixed  to  its  rim.  The  farther  sight,  when  in  use,  stands  upright  t< 
a  height  equal  to  the  diameter  of  the  box,  and  contains  a  verticai 
slit  with  a  vertical  wire  in  the  middla  The  near  sight  has  a  ver^ 
small  slit  to  look  at  the  object  through,  below  which  is  a  totally 
reflecting  magnifying  prism,  so  placed  as  to  show  to  the  eye  of  the 
observer  a  reflected  and  magnified  image  of  that  part  of  the  edge  oi 
the  graduated  ring  which  is  directly  below  the  line  of  sight.  He 
directs  the  sight  towards  an  object,  and  at  the  s^ihe  timef  93ld  witl] 
the  same  eye,  reads  its  bearing  on  the  ring.  *in  order  to  shovr 
bearings  in  degrees  to  the  east  of  north,  the  numbering  of  tlie 
degrees  on  the  ring  begins  at  the  south  end  of  the  needle,  proceeds 
tovxvrda  tlie  rights  and  goes  completely  round  to  360^. 

The  "  OirciMTf/erenier"  is  a  compass  with  sights  mounted  on  a 
stand,  chiefly  used  in  surveys  of  minea 

The  horizontal  angle  subtended  by  two  objects  may  be  found  to 
a  rough  approximation  by  taking  the  difference  of  their  magnetic 
bearings. 

Tlie  compass  cannot  be  read  in  surveying  to  less  than  a  quarter 
of  a  degree;  and  considering  the  continual  changes  which  go  on  in 
the  earth's  magnetism,  and  the  eflects  of  local  attraction,  it  is 
thought  doubtful  by  the  best  authorities  whether  magnetic  bearings 
can  be  relied  upon  even  to  half  a  degree.  Hence,  although  it  is 
a  convenient  instrument  for  filling  up  small  details,  and  making 
rough  surveys,  it  is  not  to  be  used  where  accuracy  is  required. 

It  is  usual  to  mark  the  magnetic  north  upon  a  plan,  and  this  can 
easily  be  done  by  taking  the  magnetic  bearing  of  one  of  the  principal 
Btation-lines.  The  true  north  ought  to  be  shown  also,  and  the 
means  of  finding  its  direction  will  be  explained  in  Article  42. 

40.  OMat  Trigo««Bietrical  Snrrey. — ^The  general  nature  of  a  sur- 
vey of  this  class  has  already  been  stated  in  Article  12,  Division  (c), 
p.  13,  viz. : — measuring  one  baae-line  with  extreme  accuracy,  and 
finding  the  lengths  of  all  the  other  sides  of  triangles  by  calculation 
A'om  their  angles.  A  few  sides  of  triangles  may  be  measured  in 
pa]*t8  of  the  survey  far  distant  from  the  original  base,  in  order  to 
test  the  accuracy  of  the  whole  work :  these  are  called  bases  of 
verijlcatuyru 

The  trigonometrical  calcuktiona  required  in  a  Barvey  of  tins  class 
consist  almost  entirely  in  computing  the  remaining  sides  of  a 
triangle  when  one  side  and  two  of  its  angles  are  given :  as  to  which 
computation,  if  the  triangle  is  sensibly  plane,  see  Article  33, 
Division  lY.,  equation  35,  p.  43,  and  if  it  is  sensibly  spherical,  see 
Article  33,  Division  VI.,  pp.  51  to  53. 
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The  following  points  require  some  fdrUier  explanation : — 

L  lU-eonditioned  TriangUgy  that  is,  triangles  with  any  angle 
nf  Ie»  than  30°  or  more  than  150°,  are  to  be  avoided  in  Biirvejriug 
bj  angles  as  well  as  in  surreying  by  the  chain,  and  for  the  same 
r»»oiL     (See  Article  2%  p.  24.) 

IL  Cheddng  Angles. — The  whole  three  angles  of  each  grent 
tTisDgle  sJKmld  be  measured,  in  order  that  the  accuracy  of  the 
ohsemtions  may  be  checked  by  adding  them  together,  when  they 
(N^t  to  amount  to  180°  (  +  the  spherical  excess,  if  sensible;  see 
Article  33,  DiTidon  Y.y  equation  58,  p.  48).  The  treatment  of 
utftToidable  eirorB  has  been  explained  in  Article  33,  Division  YL, 
Problem  4,  p.  53. 

The  aocuracy  of  the  measurement  of  the  internal  angles  of  any 
polTgon  on  the  earth's  surface  may  be  checked  by  adding  them 
together;  when,  if  n  denotes  the  number  of  the  aides  of  the  polygon, 
Ihe  angles  ought  to  amount  to 

(n-2)  180^  +  the  spherical  excess,  calculated  from  the 
area  of  the  figure  as  for  a  triangle. 

m  Cheddsig  Sides. — ^In  a  complete  network  of  triangles,  it  will 
slwtys  be  found  that  many  of  the  sides  are  so  placed  that  their 
lengUis  can  be  calculated  independently  from  different  sets  of  data, 
vhich  gives  the  means  of  checking  the  accuracy  of  the  measurements 
Uid  odcolationa. 

rv.  Prolonging  ihs  Base. — As  it  is  necessary  that  the  base  diould 
be  measored  on  a  level  piece  of  ground,  it  is  in  general  of  limited 
extent,  and  much  shorter  than  the  sides  of  the  great  triangles ;  and 
its  ends,  also,  are  seldom  in  commanding  positions  suited  for  stations. 
Soch  a  base  line  is  "prolonged,**  by  ranging  straight  lines  in  con- 
tinuation of  ity  at  one  or  both  ends,  until  a 
sufficient  length  has  been  obtained  and  suit- 
able stations  reached,  the  length  of  such 
sdditioDal  lines  being  computed  from  angular 
mmmementsy  as  follows: — In  fig.  34,  let 
A  B  be  the  measured  base,  and  B  E  a  line 
nuiged  in  continuation  of  it.  Choose  a 
Utenl  station  0,  so  that  A  B  C  and  B  C  E 
flball  be  well-conditioned  triangles;  measure 
^  three  angles  of  each  of  these  ti-iangles; 
from  the  angles  A  C  B,  C  A  B,  and  the  base  j^g,  34. 

A  B,  compute  the  side  B  C ;  and  from  that 
nde,  and  the  angles  C  £  B,  B  C  E,  compute  the  additional  length 
B  £.  Take  another  lateral  station  D,  at  the  opposite  side  of  the  base, 
Vid  by  solving^  in  the  same  manner^  the  triangles  A  B  D,  D  B  £> 
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compute  B  E  from  independent  data,  so  83  to  check  the  previous 
determination  of  its  length. 

E  H  represents  a  farther  prolongation  of  the  base  line,  and  F  and 
G  the  lateral  stations  which  form  the  triangles  by  means  of  which 
its  length  is  computed.  At  each  of  those  stations  angles  are 
measured  between  all  the  previously  determined  points,  A,  B,  E,  in 
order  that  there  may  be  as  many  ways  of  verifying  the  calculations 
as  possible.  In  the  same  manner  the  base  may  be  prolonged  either 
way  as  far  as  may  be  deemed  necessary. 

V.  Enlarging  Triangles. — ^A  mode  of  connecting  a  comparatively 
short  base  with  the  sides  of  laige  triangles,  without  prolonging  it, 
or  introducing  ill-conditioned  triangles,  is  as  follows : — In  iig.  35, 

let  A  B  represent  the  base.  Choose  two 
stations  C  and  D,  at  opposite  sides  of  the 
base,  and  as  far  fix)m  each  other  as  is  con- 
sistent with  making  A  C  B  and  A  D  B 
well-conditioned  triangles.  From  each  of 
those  four  points  measure  the  angles  sub- 
p,  tended  by  the  other  three.    Then  calculate 

"^*  '^-  the  sides  A  C,  C  B,  B  D,  D  A ;  when  there 

will  be  data  for  computing  the  length  of  C  D  in  a  variety  of  different 
wajrs,  which  will  check  each  other.  Taking  C  D  as  a  new  base, 
choose  a  pair  of  stations  E  and  F  still  fai-ther  asunder,  and  proceed 
as  before  to  determine  the  distance  E  F,  and  so  on  until  a  distance 
has  been  determined  sufficiently  long  to  serve  as  the  side  of  a  pair 
of  triangles  in  the  great  triangulation. 

41.  OreM  Trarcning  Bmrrej, — The  general  nature  of  a  survey  of 
this  class,  as  usually  required  for  a  long  line  of  communication,  has 
been  explained  in  Article  12,  pp.  12,  13,  and  illustrated  by  figure  3, 
p.  12.  Some  further  explanation  will  now  be  given  on  the  follow- 
ing points : — 

I.  C flecking  Distances  and  Angles, — The  lateral  objects,  such  as 
F,  G,  H,  <&c.,  in  fig.  3,  are  generally  inaccessible  or  unavailable  as 
stations  for  the  theodolite ;  so  that  the  only  angles  measured  for 
the  main  triangulation  are  those  at  the  stations  A,  B,  C,  <kc.  If 
errors  were  impossible,  the  measurement  of  the  base  lines  A  B, 
B  C,  C  D,  Ac,  and  of  the  angles  between  them,  A  B  C,  B  C  D,  Ac, 
would  be  sufficient  to  determine  their  lengths  and  directions.  The 
use  of  the  lateral  objects  is  to  check  the  results  of  those  measure- 
ments, in  the  following  manner : — 

In  the  triangle  A  B  F,  the  side  A  B,  and  the  angles  at  A  and  B 
having  been  measured,  calculate  the  side  BF.  In  the  triangle 
B  F  C,  the  side  B  F  having  been  calculated,  and  the  angles  at  B 
and  0  having  been  measured,  calculate  the  side  B  0;  the  result 
being  compared  with  the  length  of  the  same*  line  as  measured  on 
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the  ground,  will  check  the  accuracy  of  the  work  so  fax.  The  process 
•  if  comparisoii  is  precisely  similar  for  each  successive  main  station- 
hne  of  t^e  survey. 

IL  Gap9  in  the  Main  SUUion-UneSy  such  as  have  already  been 
r^erred  to  in  Article  27,  are  in  most  cases  to  be  measured  by  the 

prijoess  aheady  described  in  Article  40,  Division  IV,  p.  69,  aud 

iUusctated  by  fig.  34,  for  prolonging  a  base-line.      In  that  figure 

4.  B  may  be  held  to  represent  a  measured  portion  of  the  station- 

line,  and  B  £,  or  H  H,  the  gap  or  inaccessible  distance.     The  sides 

of  the  lateral  triangles  formed  in  order  to  determine  that  distance 

may  also  be  nsed  as  station -lines  for  the  details  of  the  survey. 
Tig.  36  shows  bow  a  distance  C  D  between  two  objects  is  to  be 

measured,  when   both  ends  of  it  are  inaccessible  to  chaining. 

Measure  a  base  A  B^  having  its  ends  so  situated 

that  the  six    lines    connecting  them  and  the 

objectB  C  and  1)  with  each  other  may  form  well- 

eonditioned  triangles,  and  at  the  stations  A  and 

B  measure  tbe  angles  CAB,  DAB^   ABC, 

CBD.     In   the  triangle  CAB,  compute  the 

sides  A  O,  B  C  ;  in  the  triangle  DAB,  compute 

the  ades  A  X>,    B  D.      Then,   in  the  triangle 

C  A  D,  in  which  the  sides  A  C  and  A  D,  and 

the  indnded  angle  at  A  are  given,  compute  the  third  side  0  D,  as 

^wn  in  Article  33,  Division  lY.,  Problem  2,  equations  37,  38; 

also  compute  C  D  by  the  same  process  as  the  third  side  of  the 
triangle  CBD;  the  two  results  will  check  each  other. 

42.  VtediMc  the  McrMiBM. — For  the  purpose  of  laying  down  the 
direction  of  the  true  north  on  the  plan  of  an  engineering  survey, 
the  angle  which  one  of  the  principal  station-lines  makes  with  the 
meridian  mnst  be  determined,  though  not  with  the  same  accuracy 
that  is  required  for  astronomical  and  geographical  purposea  The 
following  are  some  of  the  methods : — 

L  By  the  Ttoo  greatest  Elongations  of  a  CircuanpoUvr  Star. — This, 
the  most  accurate  method,  consists  in  observing  the  greatest  and 
least  horizontal  angles  made  by  a  star  near  the  pole  with  a  station- 
line  of  the  survey,  when  the  star  is  at  its  greatest  distances  east 
and  west  of  the  pole,  and  taking  the  mean  of  those  angles,  which 
is  the  true  azimuth  of  the  station-line,  or  horizontal  angle  which  it 
makes  with  the  meridian.  In  the  northern  hemisphere  the  Pole- 
star,  «  TJrsie  Minoris^  is  the  best  for  this  purpose. 

lliia  method,  however,  is  seldom  practicable  with  an  ordinary 
theodolite,  as  in  general,  one  of  the  observations  must  be  made  by 
daylightw 

IL  By  eipud  alHtudes  of  a  Star. — The  theodolite  being  at  a 
station  in  the  statioti-line  chosen,  measure  the  horizontal  angle  fi-om 
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the  station-line  to  any  star  which  is  not  near  the  highest  or  lo'west 
point  of  its  apparent  daily  course,  and  take  also  the  altitude  of  that 
star.     Leave  the  vertical  circle  clamped,  and  let  the  instminent 
remain  perfectly  undisturbed  until  the  star  is  approaching  the  same 
altitude  at  the  other  side  of  its  apparent  circular  course.     Then, 
without  moving  the  vertical  circle,  direct  the  telescope  towards  the 
star,  clamp  the  vernier-plate,  and  by  the  aid  of  its  tangent-scre-w, 
follow  the  star  in  azimuth  with  the  cross  wires  until  it  arrives 
exactly  at  its  former  altitude,  as  is  shown  by  its  image  coinciding 
with  the  cross  wires;  then  measure  the  horizontal  angle  beti^een 
the  new  direction  of  the  star  and  the  station-line :  the  mean  betTveen 
the  two  horizontal  angles  will  be  the  true  azimuth  of  the  station- 
line.* 

In  both  the  preceding  processes  it  is  to  be  understood  that  the 
mean  of  tvoo  harizorUal  angles  means  their  half-sum  when  they  are 
at  the  same  side  of  the  station-line,  but  their  half-difference  when 
they  are  at  opposite  sides. 

The  second  method  may  be  applied  to  the  sun,  observing  the 
8un*s  west  limb  in  the  forenoon  and  east  limb  in  the  afternoon^  or 
vice  vend ;  but  in  that  case  a  correction  is  required,  owing  to  the 
sun*8  change  of  declination.  When  the  sun's  declination  is  chang- 
ing towards  the  <  th  i  '  ^^  approxiBiate  direction  of  the  meri- 
dian, as  found  by  the  method  just  described,  is  too  far  to  the 
I  left  I  *     ^^  correction  required  is  given  by  the  formula^t 

change  of  sun's  declination  ^^         »  ^.^   »   ^^  1  % 
2 X  sec  •  latitude  X  cosec  -^  angular 

motion  of  sun  between  the  observations (1.) 

III.  By  One  greatest  Elongation  of  a  Circumpolar  Star. — To  use 
this  method,  the  polar  distance  of  the  star,  and  the  latitude  of  the 
place,  should  be  knownr.     Then 

sin  •  azimuth  of  star  at  greatest  elongation 

=  sin  *  polar  distance  -f- cos 'latitude;  (2.) 

and  this  azimuth,  being  added  to  or  subtracted  from  the  horiaontal 
angle  between  the  station-line  and  the  star,  when  at  its  greatest 
elongation  (according  as  the  station-line  lies  to  the  same  side  of 

*  In  obteiriog  at  xilghl  with  the  theodolitoi  H  in  Deoeasaiy  to  throir,  bj  means  of  a 
lamp  and  a  small  minor,  enough  of  light  into  the  tube  to  make  the  croae-wires  visible; 

t  At  the  equinoxes,  the  rate  of  change  of  the  8im*s  declinadon  is  aboat  59"  per  hour; 
ami  it  varies  nearly  as  the  cosine  of  the  son's  right  ascensioiib 
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tlie  meridkn  irith  the  fitar,  or  to  the  opposite  side)  giyes  the 
azusnth  of  the  station-lina* 

IT.  By  oUerving  the  AUUude  of  a  Star,  and  the  Horxzomtal 
An/j/ia  bOweoi  it  and  the  Staiion4inA — The  altitude  being  corrected 
fiv  refraction,  the  aadmnth  of  the  star  is  computed  hy  taking  tho 
snith-distuioe,  or  complement  of  that  altitude^  the  polar  distance 
of  tbestar,  and  the  co-latitude  of  the  place,  as  the  three  sides  of 

*  The  lOoviDg  is  a  table  of  tbe  polar  diaUnoet  of  a  hw  of  tba  moca  oompieiioat 
itn  fer  the  lit  of  Jaonarr,  1861,  togctlMr  with  tha  aoonal  nto  at  which  thoM 
an  fhanghig,  -|-  dtnoring  ioereMe^  and  —  dimioatioo  :— 

KOBTHEBK  H2KI8PHERE. 

BtAM.  Koith  Foltf  DiiteDco.   Batecf  AaaiuiyMlatkia. 

AndRNseds, 61*  4^  87"  ^ir-9 

Una  Mmoiia  (Pola-SUr), 1  26  53  —19 -2 

Arielii^ 67  11  48  —17 '26 

OBdr 86  27   29  —14  4 

Ptad, ^ 40  88  14  —  18 -2 

Tanri  (Aldaborao), 78  46  24  —7-7 

Aor^  (CapaOa), 44      8  68  —4-2 

Oiionii  (Beldgeiue), 82  87  21  —11 

Gcndoomiii  (Caitor), 67  48  88  +7  *4 

Gnk  IQnoffk  (Procxon), 84  25  18  +8*9 

GamiDaniai  (PoUnx), 61  88  80  +8-8 

Leonis  (Bflgnloi), 77  21   18  +17*4 

UnaMaiorii, 27  29  59  +19  8 

VnaMJofli) 89  59  81  +18*1 

Booth  (AictarasX 70      5  82  +18-9 

Ophin^ 77  20     9  +8-0 

LymCV^B*). "  *^  *^  —8-1 

AqnibB  (jUtair\ 81  29  46  —   9 -a 

Cypd, 46  12  58  — 12*7 

PigMi  (MaikabX 75  82  81  —19*8 

SOUTHERN  HEMISPHERE. 
8EAB.  8oBtb  Polar  DtaCMkoa  BaftocrAaaaal  Variation 

^   Oifai^(Rlgel), SVSBf    5"  +    4"-5 

GbhimbiB, 66    51     0  +    2 '2       • 

AigOi  (Canopw), 87    22  44  -1-8 

Oaais  ICfljork  (Siiiiia), 78    28  17  —4-6 

HydnB, 81    56  81  —15^ 

Ajgfm,..^ ^ 81      2  46  —18 -7 

Crnda, 27    40   21  —19-9 

Virghila  (SiAsaX 79    88  56  —18-9 

Coitaari, 29    44  86  — 15'1 

8eorpa(Aatai«B> 68    52  48  —8-4 

Triangnli  AnitnUa, 21    14     8  —7-4 

VwoiOt, 82    49  26  +11-1 

Gnria, 42    22     6  +17-2 

PiKbAiiftnHiCPoaiaUiaiit), 69    88  91  +19-0 
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a  Bplierical  triangle ;  when  the  azimutli  of  the  star  will  be  the 
angle  opposite  the  aide  representing  the  polar  distance.  (See  Article 
33,  Division  V.,  Problem  6,  p.  50.)  The  azimuth  of  the  station- 
liue  is  then  to  be  found  as  in  Method  III. 

^  V.  ApproxiTnaU  Method  by  observing  certain 

I  Stan-s. — It  is  remarked  by  Mr.  Butler  Williams, 

that  a  great  circle  traversing  the   Pole-star    {« 

Ui-s®  Minoris),  and  the  star  Alioth  in  the  Great 

Bear  (« Ursae  Majoris),  passes  very  near  the  pole. 

**      Hence,  in  the  northern  hemisphere,  a  meridian - 

^       ^^  line  may  be  fixed  approximately  by  observing, 

^     *      ^         with  the  aid  of  a  plumb-line,  the  instant  when 

Nt  ^  those  two  stars  appear  in  the  same  vertical  plane, 

«  as  shown  in  fig.  37.     The  Pole-star  is  marked  A. 

Fig.  37.  When  two  points  on  the  earth's  surface  have 

the  same  latitude,  but  different  longitudes,  the  horizontal  angle 

made  by  their  meridians  with  each  other  is  found  by  the  following 

equation ; 

sin  ^  horizontal  angle  =  sin  -^^  difference  of  long,  X  sin  •  lat.  (3.) 

43.  PtottiHg  wmA  ProtnictiBg.— The  most  accurate  method  of  lay- 
ing down  the  angles  of  great  triangles  on  paper  is  to  calculate  the 
lengths  of  the  sides  of  the  triangles,  and  plot  them  with  beam- 
compasses  like  chained  triangles  (Article  30,  p.  31). 

To  plot,  according  to  this  principle,  a  solitary  angle,  like  that 
between  a  station-line  and  the  meridian,  a  circle  is  to  be  drawn, 
with  as  large  a  radius  as  is  practicable,  round  the  station  where  the 
angle  is  to  be  laid  down.  Then  the  distance  between  the  points 
where  the  two  lines  enclosing  the  angle  cut  that  circle  is  found  by 
multiplying  the  radius  by  the  chord  of  the  angle — ^that  is,  twice  the 
sine  of  half  the  angle. 

But  to  save  time  where  less  accuracy  is  required,  especially  in 
laying  down  secondary  triangles  and  details,  angles  are  laid  down 
at  once,  or  "  protracted,"  by  the  aid  of  instruments  called  "  pro- 
tractors ;'*  being  fiat  graduated  circles  or  parts  of  circles,  which  are 
laid  on  the  paper.  They  are  of  various  constructions  and  various 
degrees  of  accuracy. 

The  most  accurate  Circular  Protractor  has  a  round  piece  of  plate- 
glass  in  its  centre,  through  which  the  paper  can  be  seen.  The 
under  side  of  the  glass  touches  the  paper,  and  has  the  centre  of  the 
graduated  circle  marked  on  it  by  a  fine  crosa  The  circle  is 
divided  to  half-degrees,  and  subdivided  to  minutes  by  the  vernier 
on  its  index.  The  index  has  two  diametrically  opposite  arms, 
each  of  which  has  hinged  on  its  end  a  branch  carrying  a  pricker, 
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whicli  is  held  up  dear  of  the  paper  by  a  spriiig.  WLen  the  index 
has  been  turned  to  any  required  degree  and  minute  on  the  circle, 
the  two  branches  are  pressed  down,  and  their  prickers  mark  two 
points  on  the  paper  which  are  in  the  required  direction,  and  which 
are  or  ought  to  be  in  one  straight  line  traversing  the  centre  of  the 
circle.  It  is  often  convenient  to  draw,  by  the  aid  of  those  prickers, 
a  graduated  circle  on  the  paper,  through  the  centre  of  which  lines 
making  any  required  angle  can  be  drawn,  and  their  directions  trans-. 
ferred,  so  as  to  pass  through  any  required  station  on  the  paper,  by 
the  aid  of  a  large  and  accurate  parallel  ruler. 

The  SemictrculcNT  Protractor  has  a  straight  side,  which  can  be 
slid  along  a  straight-edge  fixed  to  the  table  or  drawing-board  into 
any  required  position.  Its  index  has  a  long  arm  projecting  beyond 
the  circle,  with  a  straight  fiducial  edge,  which  is  used  to  rule  lines 
in  any  required  direction  through  any  station  on  the  plan. 

44.  TraT«niBc  •■  a  Small  Scale  has  been  referred  to  in  Article 
12,  Division  (c),  p.  13,  as  a  means  of  surveying  long,  narrow, 
and  winding  objects  in  detail  The  most  accurate  way  of  perfonur 
ing  it  is  to  form  a  series  of  triangles  by  means  of  latera]  objects, 
as  already  described  in  that  article,  and  in  Article  41,  the  checking 
of  the  accuracy  of  the  work  being  tested  by  plotting,  without 
calculation.  Each  lateral  object  is  traversed  by  at  least  three  lines 
from  difiEerent  stations  in  the  survey;  and  those  three  or  more  lines 
will  intersect  each  other  in  one  point  on  the  paper,  if  the  station- 
lines  between  the  stations  and  the  angles  at  the  stations  have  been 
correctly  measured  and  plotted. 

In  almost  all  mining  surveys,  and  in  some  above  ground,  it  is 
impossible  to  take  suitable  angles  to  lateral  objects,  the  only  angles 
capable  of  being  measured  being  those  which  the  station-lines  make 
with  each  other.  In  such  cases  the  station-lines  should  be  laid  out 
so  as  to  return  to  the  starting-point,  and  form  a  *'  closed  polygon." 
The  accuracy  of  measurement  of  the  angles  may  then  be  tested  by 
taking  the  sum  of  all  the  '^  salient  ^  angles  of  that  polygon — ^that 
is,  of  those  which  project  outwards — and  subtracting  fix)m  it  the 
sum  of  the  "  re-entering  angles'* — that  is,  of  those  which  project 
inwards.  The  result  (which  is  the  algebraical  sum  of  the  angles  of 
^  polygon)  ought  to  be 

180*  X  I  number  of  salient  angles  —  2 

— number  of  re-entering  angles>- ....  (1.) 

Before  plotting  such  a  survey,  the  angle  made  by  each  station- 
Hue  with  one  fixed  direction  ought  to  be  computed  (by  successive 
additions  or  subtractions  of  the  angles  which  those  lines  make 
with  each  other)  and  protracted  on  the  paper  by  drawing  a  line  to 
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represent  that  fixed  directioii,  placing  the  zero-points  of  the  pro- 
tractor on  that  line,  and  laying  off  the  directions  of  the  sev^eral 
station-lines  as  described  in  Article  43.  The  accuracy  of  the  meas- 
urement of  distances,  and  of  the  plotting  of  distances  and  angles,  is 
tested  by  the  exactness  with  which  the  end  of  the  last  station-line 
on  the  paper  coincides  with  the  starting-point  of  the  first 

In  surveying  by  traversing  with  the  eompcus  amdckaxn^  the  angles 
observed  at  each  station  are  the  directions  which  the  station-lines 
that  meet  at  it  make  with  a  fixed  or  nearly  fixed  direction,  \ri2L, 
that  of  the  magnetic  meridian.  The  zero-line  on  the  paper,  there- 
fore, represents  that  meridian ;  and  the  angles  protracted  frank  it 
are  simply  the  several  magnetic  bearings  of  ^e  station-lines.  Tra- 
versing with  the  compass  and  chain  is  accordingly  an  easy  and 
rapid  method  of  surveying;  but  as  explained  in  Article  39,  p.  67, 
its  want  of  accuracy  makes  it  suitable  only  for  small  or  rough 
surveys. 

45.  Ptottlag  \rf  BectMigalar  CtarJUaatBt,  or  by  NMlUapiy  ■•llf 
tags,  Baattegi,  and  WMdass,  is  the  most  accurate  way  of  plotting  a 
traverse,  because  the  position  of  each  station  is  plotted  inde- 
pendently, and  not  affected  by  the  errors  committed  in  plotting 

previous  stations.     It  consists  in  assuming  two 
fixed  lines  or  aases^  as  O  X  and  O  Y,  fig.  38, 
crossing  each  other  at  right  angles  at  a  fixed 
point  O,  computing  the  perpendicular  distances 
or  c(H>rdinate8  of  each  station  from  those  two 
axes,  and  plotting  the  position  of  each  station 
by  the  aid  of  a  straight-edged  scale  fixed  par- 
Fig.  8S.  allel  to  one  of  the  axes,  and  a  T-square  sliding 
along  it,  so  as  to  rule  lines  parallel  to  the  other  axis,  and  at  any 
given  distance  fix>m  it,  and  of  any  given  length.     When  the  direc- 
tion of  the  true  meridian  has  been  ascertained,  it  is  best  to  make 
one  of  the  axes  represent  it;  and  in  that  case  the  co-ordinates  par- 
allel to  one  axis  will  be  the  distances  of  the  stations  to  the  north  or 
south  of  the  fixed  point  or  "  origin "  O,  and  those  parallel  to  the 
other  axis  will  be  their  distances  to  the  east  or  west  of  the  same 
point;  whence  the  phrase,  "Northings,  Southings,  Eastings,  and 
Westings. **     If  the  true  meridian  is  unknown,  any  fixed  direction 
will  answer  the  purpose,  and  may  be  called  "  the  Meridian  "  for  the 
occasion,  and  one  of  its  ends  "  the  North."     The  calculations  to  be 
performed  are  the  following : — In  the  figure,  let  O  Y  represent  "the 
Meridian,"  Y  being  towards  "the  North."    One  of  the  stations  in 
the  survey  is  to  be  taken  as  the  origin  O.     Let  A  be  the  next 
station,  and  O  A  its  distance  from  O.     If  Y  O  A,  as  in  the  figure, 
is  an  acute  angle,  A  is  to  the  northward  of  O ;  if  an  obtuse  angle, 
to  the  southward ;  if  Y  0  A,  as  in  the  figure,  lies  to  the  right  of 
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the  meridian^  A  is  to  the  eastward  of  O;  if  to  the  left,  to  the  west- 
inrd;  and  the  co-ordinates  of  A  are  as  follows  (#  denoting  the 
angle  T  0  A):— 

Xortliing  O  a'  =  o  A  (or  if  negative,  Sonthing).  =  OA'coe#;)^,  v 
Eastingy  O »  =  a'  A  (or  if  n^atire,  Westing)  ..  =  O  A  'sin  #.  j  V^ v 

In  die  same  manner  are  to  be  computed  the  co-ordinates  of  the 
third  station  B  rdativdy  to  A^  yiz. : 

tf'y  =  AB-oo8^;  a6  =  AB-8in^;  (2.) 

(vhse  9  denotes  the  angle  made  by  A  B  with  the  meridian);  also 
the  co-ordinates  of  C  rekUwdy  to  B,  and  so  for  each  successiye 
^tk>n.  In  the  figure,  it  will  be  observed  that  the  direction  of 
B  C  deviates  to  the  westward  of  north,  so  that  6  c  is  a  "  Westing,** 
aod  is  to  be  considered  as  n^i;ative.  The  results  of  these  calcula- 
tions are  to  be  entered  in  a  book,  in  four  columns — ^for  northings, 
BoothingB,  eastings,  and  westings  respectivelj.  Then  in  four  other 
Golumns  are  to  be  entered  the  total  northing  or  southing,  and  east- 
ing or  westing,  of  each  station  from  the  origin  or  first  station,  com- 
puted by  adding  all  the  successive  northings  and  subtracting  the 
soQ^ungs,  made  in  traversing  to  the  station,  the  result  being  a 
i^oHhing  if  positive,  a  southing  if  negative;  and  bj  treating  the 
castings  and  westings  in  the  same  manner. 
These  calculations  are  expressed  by  symbols  as  follows: — Let 

=fcj  denote  the  total  i  ^^^^  \  of  a  station,  and  zt:  a;  its  total 

i^e^^f  ^  "^  *^®  length  of  any  given  station-line,  and  #  the 
SDgle  which  it  makes  with  the  meridian  from  the  north;  observing 
^t\»th  land  sin  I  are  <  '^  ..      >  according  as  that  angle  lies 

^  *^^  \  Yrest  I  ^^  *^®  meridian,  and  that  cosines  of  obtuse  angles 
«« negative.     Then 

y.-.2  •!.«»#;)  ^3  J 

a?=2'Lsm#.j  ' 

'^  method  is  chiefly  useful  in  surveying  mines,  but  may  also 
he  applied  with  advantage  to  some  surveys  above  ground,  8uch  as 
^ose  of  towns.  The  book  forms  a  record  of  the  position  of  each 
station,  independently  of  the  plan ;  and  it  may  be  made  more  com- 
plete by  the  addition  of  a  column  containing  the  elevations  of  the 
stations  above  a  datum  horizontal  surface.  This  will  be  further 
considered  under  the  head  of  levelling. 

^6.  The  Bhm^TmMe  is  a  drawing-board,  having  a  sheet  of  paper 
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strained  on  it,  motinted  on  a  portable  three-legged  stand,  and  capable 
of  turning  about  a  vertical  axis,  and  of  being  adjusted  hy  scre^ws 
(like  the  azimuth  circle  of  a  theodolite)  to  a  horizontal  jiosition,  as 
shown  bj  a  spirit-level  laid  on  its  surface. 

The  vertical  axis  has  a  clamp  and  a  tangent-screw  to  adjust  the 
table  to  any  required  position. 

The  index  is  a  flat  straight-edged  ruler,  having  upright  sights 
at  its  ends. 

The  use  of  the  plane-table  resembles  trigonometrical  surveying 
on  a  small  scale,  except  that  the  angles,  instead  of  being  read  off 
on  a  horizontal  circle  and  afterwards  plotted^  are  at  once  laid  down 
on  paper  in  the  field.* 

Fig.  39  illustrates  the  principle  of  surveying  with  the  plane-table. 
The  first  operation  is  to  measure  carefully  a  base  on  the  ground, 
A  B,  and  to  lay  down  on  the  paper  a  straight  line  a  6,  to  represent 
that  base  on  a  suitable  scale.     The  instrument  is  then  to  be  placed 

and  levelled  at  the  station  A,  the 
?  point  a  on  the  paper  being  directly 

y  \  above  the  point  A  on  the  ground ; 

a  needle  is  to  be  fixed  upright  at  a; 
and  the  index  being  laid  on  the 
table,  so  that  its  fiducial  edge  shall 
lie  exactly  along  the  line  a  6,  the 
J, table  is  to  be  turned  until  the  sights 


\ 


X 
X 
X 
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N^  ^-"^  of  the  index  are  in  a  line  with  the 

^^^        ..^'''  farther    station    B,    and    adjusted 

^v'"'  exactly  to    that   position    hy  the 

P2^  gg  tangent-screw.     The  table  remain- 

ing steady,  the  index  is  to  be  turned 
so  that  while  its  fiducial  edge  stiU  touches  the  needle  at  a,  its  line 
of  sight  shall  be  successively  directed  towards  all  the  important 
objects  whose  positions  relatively  to  the  base  A  B  are  to  be  found, 
such  as  0  and  D;  and  with  a  fine  hard  pencil  lines  are  to  be 
drawn  along  the  edge  of  the  index  pointing  towards  those  objects 
from  a.  The  table  is  now  to  be  shifted  irom  A  to  B,  and  the 
needle  from  a  to  6,  the  point  b  on  the  paper  being  placed  exactly 
over  B  on  the  ground;  Uie  index  being  laid  along  b  a,  the  table  is 
to  be  adjusted  till  the  sights  are  in  a  line  with  A.  The  index  is 
then  to  be  turned  so  that  while  its  fiducial  edge  still  touches  the 
needle  at  6,  its  line  of  sight  shall  be  successively  directed  towards 
the  same  objects  as  before,  and  short  Hues  pointing  from  b  towards 
those  objects  are  to  be  dmwn  along  its  edge,  intersecting  the  lines 

*  To  protect  the  paper  against  the  effects  of  the  alternate  moistnre  and  dirnen  of 
the  air,  Captain  Sibom  recommends  that  its  lower  side  should  have  spread  over  it 
the  beat-ap  white  of  an  egg  before  it  is  laid  on  the  board. 
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ja^eriously  drawn;  the  points  of  interaectioii,  snch  as  e  and  d,  mark 
Uie  objects  on  the  paper.      The  details  are  filled  in  by  sketching. 

The  objects  thns  laid  down  indude  poles  at  points  suited  for 
additioDal  stations.  On  removing  the  table  to  one  of  those  new 
stations,  such  as  C,  the  needle  is  to  be  fixed  at  the  point  c  represent- 
ing that  station  on  the  paper,  and  the  index  is  to  be  placed  with 
its  edge  touching  that  needle,  and  tiaveising  also  a  point  represent- 
iflg  one  of  the  former  stations,  such  as  a.  The  table  is  then  to  be 
tamed  ao  that  the  si^ts  shall  be  directed  towards  a  pole  fixed  at 
that  former  station ;  and  then  all  the  lines  on  the  paper  will  be 
paiaDe)  to  the  corresponding  lines  on  the  ground;  and  the  survey 
of  additional  objects  £roin  the  new  station  may  be  proceeded  with 
ssheforeu 

The  plane-table  is  iwell  suited  for  surveying  where  minute 
accTzracy  in  details  is  not  required,  the  end  in  view  being  to  show 
the  relative  positions  of  the  more  important  objects  on  the  ground. 
It  is  therefore  more  nsefol  for  topographical  and  military  purposes 
than  for  those  of  engineering.  For  full  information  as  to  its  use 
see  Sibom  On  Topagr^phiccU  Surveying  and  Drawing, 
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CHAPTER  IV, 

OF  LEYBLLINQ. 

47.  8eittegk«at  a  Iiiae  m€  SmUmi. — Freparatoiy  to  taking  the 
levels  of  the  ground  along  the  line  of  a  pi*opoaed  vertical  section, 
that  line  is  to  be  "ranged/'  by  marking  on  the  ground  with  whites, 
poles,  and  permanent  marks  where  required,  the  points  where  the 
line  of  section  crosses  all  streams,  lines  of  communication,  bound- 
aries, <kc,  and  a  sufficient  number  of  other  points  to  enable  it  to  be 
exactly  followed.     For  that  purpose,  a^*tracing^is  to  be  made  of  so 
much  as  may  be  necessary  of  the  plan  on  which  *th^>  intended  line 
of  section  is  drawn,  and  the  distances  of  that  line  -from  comers  ot 
fences  and  other  definite  objects  are  to  be  carefully  measured  on  the 
original  plan,  and  marked  in  figures  on  the  tracing.     An  assistant 
goes  over  the  ground  with  this  tracing,  and  marks  the  points  in 
accordance  with  it.     Should  the  leveller  see  fit  to  alter  the  line  in 
any  respect  as  he  goes  along  it,  or  should  it  be  left  entirely  to  his 
own  judgment  to  choose  it,  as  is  often  the  case  with  trial  sections, 
the  distances  of  a  sufficient  number  of  points  in  it  fi-om  objects  on 
the  ground  can  be  measured  on  the  spot  and  noted  on  the  tracing, 
so  as  to  enable  the  line  of  section  chosen  to  be  laid  down  on  the 
plan. 

48.  The  8piHt-l<cT«i  strictly  speaking  is  a  glass  tube  B  C,  €ig.  40, 
hermetically  sealed  at  both  ends,  containing  some  very  limpid 

j^  liquid,  such  as  alcohol,  chloroform,  or  sul- 

^..--"KP'^^^^^mr--^     phui-et  of  carbon,  and  a  bubble  of  air  A, 
^^ —  --"^-)^   and  having  a  slight  curvature,  convex 

Fig  *0.  upwarda    That  curvature  is  much  exag- 

gerated in  fig.  40,  being  in  reality  so  slight  as  to  be  imperceptible,  or 
nearly  so,  to  the  eye.  The  air-bubble  places  itself  at  the  highest 
point  in  the  tube;  and  a  tangent  to  the  upper  internal  sur&ce  of 
the  tube  at  that  point  is  horizontal  The  glass  tube  is  usually  fixed 
in  and  protected  by  a  brass  case.  When  the  instrument  to  which 
the  spirit-level  belongs  is  in  adjustment,  the  centre  of  the  bubble  is 
in  the  middle  of  the  tube.  When  the  bubble  deviates  from  that 
position,  it  indicates  that  a  tangent  to  the  middle  of  the  tube  devi- 
ates from  a  horizontal  position  through  an  angle  whose  value  in 
seconds  is — 


DmfPTLETXI>  81 

wwoBj*  s  deviation  rfbnbble  ,-  . 

206264  ■»  le — ^p 1 —: ..   .    : (1.) 

radraa  of  cnrvatare  of  tube  ^   ' 

to  tlat  the  longer  that  radiiu,  the  more  delicate  is  the  Bpirit-lereL 
A  tale  of  eqnal  p*rts  is  marked  on  or  attached  to  the  top  of  the 
lube,  to  meunre  the  deviation  of  the  bubble ;  and  the  value  of  those 
p«rte  in  seconds  can  be  foand  hy  trial 

tig.  4 1  ihowB  a  form  of  Bpirit-Ievel  introdnoed  hy  Frofeesor  Piazzi 
fimyih,  in  which  the  air-bubble  A  is  Yorj  smalL  Another  and  a 
laiga- portion  of  air  is  contained  in  the 
upfKT  part  of  the  end  C  of  the  tube, 
vlikh  is  sepatat«d  fiom  the  rest  by 
the  partition  D,  with  a  nomle-ehaped  —  _^  ., 
ori&ce  in  ita  centre,  throngh  which  air  ^' 

on  be  tnuiafetred  so  as  to  enlarge  or  diminish  the  bubble  at  will, 
br  X  mode  c^  handling  described  in  the  TrantMtitmt  of  Aa  Eoyai 
StMiA  Soeitty  of  AtU  for  1856. 

The  tenn  tpini-leod  or  level,  ia  also  applied  to  a  looeUing  initnt- 
■mt,  of  which  the  spirit-level  proper  is  the  eaaential  part.  Various 
bnot  at  level  are  osed  for  engineer- 
icg  puipoaes;  that  which  ia  repre- 
eented  in  6g.  42  is  Mr,  Gravatt's, 
aJfed  the  "Dumpy  Level"  A  is 
the  ifmt-lev^  attached  by  screws 
t  0,  a  to  the  teleaoope  BC;  by 
i<MiB  of  tboee  screws  it  can  be 
^lllted,  in  order  to  place  a  tangent 
la  iti  middle  point  patsllel  to  the 
linec^ODllimatioti  of  the  teleaoopa 
A  rawll  circle  near  the  object-end 
Bat  the  telescope,  indicates  a  small 
t««vet8e  levd,  used  to  show 
vhetber  the  horizontal  crow-wire 
» tnJj  hdiizontaL 

TlKtetescc^issimilartothatofa  „ 

'iwodohte  (we  Article  34,  p.  53),  ei-  **  "" 

cept  that  the  diaphragm  at  the  common  focus  of  the  object-glasa  and 
'^►(iiue  contains  one  horizontaland  two  parallel  vertical  cross-wires, 
MsWani%43.  Bistheobject-endof the telescope.O 
^^piece;  6  the  milled  head  of  the  pinion  by  which 
lie  inner  tube  is  drawn  in  and  out;  c,  c. screws  for 
MjDsfiag  the  diaphragm  so  as  to  bring  tJie  horizontal 
"^w-wne  exactly  to  the  line  of  oollimation  or  axis  of 
»s  telescope.     D  D  is  an  oblong  plate  or  flat  bar  fixed        ^^  "■ 
(V  tU  top  «^  the  vertical  axis  E;  to  this  plate  the  telescope  is 
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connected  hj  adjusting  screws  at  d^  d,  by  means  of  which  the  lin 
of  colliination  is  placed  perpendicular  to  the  vertical  axis.  Th 
vertical  axis  is  hollow,  and  turns  upon  a  spindle  fixed  to  the  tipfMj 
parallel  plate  F;  that  spindle  is  continued  downwards  and  attiLche 
to  the  lower  parallel  plate  G  by  a  ball-and-socket  joint  f^J^fsLT 
three  of  the  four  plate-screws  by  which  the  vertical  axis  is  set  trull 
vertical  The  lower  plate  G  is  screwed  on  the  staff-head  H,  "whicj 
has  three  wooden  legs  like  those  of  a  theodolite. 

In  most  levels  a  compass  is  carried  on  the  top  of  the  |^te  X>  XX 
for  the  purpose  of  taking  the  magnetic  bearings  of  lines  of  tnai 
sections. 

The  following  are  some  of  the  principal  variations  from  the  con< 
struction  above  described : — 

In  Troughton*s  level,  the  brass  case  of  the  spirit-level  is  imbedded 
in  the  top  of  the  outer  telescope-tube,  and  has  no  adjusting  screi^s  \ 
the  adjustment  of  the  spiritrlevel  to  parallelism  with  the  axis  of  the 
telescope  being  left  to  the  instrument  maker. 

In  the  Y-level,  the  telescope  is  carried  by  two  forked  sup]x>rta 
,^.  caJled  T'&  It  can  be  rotated  in  these  about  its  own  axis,  and  csan 
*  be  lifted  out  and  turned  end  for  end.  Tlie  spirit-level  hangs  below 
the  telescope,  instead  of  being  supported  above  it  One  of  the  Y'b  is 
supported  by  a  vertical  screw  with  a  milled  head,  by  means  of  which 
the  telescope  is  adjusted  so  as  to  be  at  right  angles  to  the  vertical 
axis,  and  which  answers  the  purpose  of  the  screws  at  c^,  €^  in  the 
Dumpy  level 

The  Y-level  is  more  easily  adjusted  than  the  others;  but  it  is 
also  considered  to  be  more  easily  deranged. 

Some  levels  are  provided  with  a  small  mirror,  which  being  placed 
in  a  sloping  position  above  the  spirit-level,  enables  the  observer  to 
see  the  r^ected  image  of  the  bubble  at  the  same  time  that  he  looks 
through  the  telescope.  Eeference  has  already  been  made  to  the 
contrivance  of  Professor  Piazzi  Smyth,  by  which  an  image  of  a  small 
bubble  is  formed  at  the  cross-wires  when  the  line  of  collimation  is 
horizontal  (Article  37,  p.  65;  see  also  a  paper  by  Mr.  Bow,  in  the 
TranrndiyM  of  the  Royal  Scottish  Society  of  Arts  for  1858-9.) 

49.  The  lieveiiing^siBflr  is  a  rectangular  wooden  rod,  having  a  iaxxs 
about  two  inches  or  two  inches  and  a-half  broad,  on  which  is  painted 
in  a  bold  conspicuous  manner,  a  scale  of  feet,  divided  into  tenths 
and  hundredths,  commencing  at  the  lower  end  of  the  staff.  Its 
extreme  length  is  usually  fi'om  fifteen  to  seventeen  feet,  and  it  is  made 
in  three  pieces,  which  in  some  staves  can  be  put  together  or  taken 
asunder,  according  as  a  greater  or  less  length  of  staff  is  required, 
and  in  others,  are  made  to  draw  out  like  telescope  tubes.  The 
staff,  when  in  use,  is  held  exactly  vertical;  for  which  purpose  it 
sometimes  has  a  plummet  enclosed  in  a  groove  at  one  side  of  it,  and 
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visil^e  thiongh  a  small  piece  of  glan;  it  rests  on  its  lower  end, 
wliieh  is  ahod  with  brass;  and  in  soft  grotind  it  is  nsefiil  to  haye  a 
small  metal  plate  to  place  on  the  ground  below  the  stafl^  and 
prerent  it  from  mwlriiig- 

When  the  telescope  of  the  level  is  directed  towards  the  staff,  and 
the  line  of  coUimation  is  tmly  horizontal,  the  number  of  feet  and 
decimals  <^  a  foot  at  which  the  horizontal  oross-wire  croaaeB  the 
inverted  image  of  the  scale  on  the  face  of  the  staff  (subject  to  cor> 
recfciDDs  to  be  afterwards  explained),  shows  the  yertical  depth  of  the 
point  on  whidi  the  lower  end  of  the  staff  stands  below  the  line  of 
oollinuUion.  If  two  such  obsenrations  are  made  with  the  staff  at 
diferent  points,  and  the  level  at  the  same  station,  the  difference 
between  ike  two  readings  shows,  in  feet  and  decimals  of  a  foot,  how 
mndi  the  point  at  which  the  less  reading  is  taken  is  higher  than  the 
point  where  the  greater  reading  is  taken. 

In  an  old  form  of  levelling-staff,  now  seldom  nsed,  a  "  sliding- 
tane"  was  slid  np  and  down  by  the  staffinan,  in  accordance  with 
signals  made  bj  the  leveller,  nntil  its  centre  was  in  the  line  of 
coUimation  prolonged;  the  staffinan  then  read  the  height  of  the 
Vine  above  the  gronnd.  '  The  making  the  divisions  on  the  staff  so 
disdnct  that  the  leveller  can  read  them  himself  is  an  invention  of 
Mr.  Giavati 

50.  The  A^jHiMiwii  mf  ite  l««v«l  may  be  distinguished,  like 
those  of  the  theodolite,  into  temporary  adjusimerUe,  which  have  to 
be  made  anew  every  time  the  level  is  set  up,  and  perma/nent  adpist- 
^^aUSy  which  seldom  become  deranged  in  a  well-made  level,  but 
itill  GD^t  to  be  tested  on  each  day  that  the  instrument  is  used. 

L  l£e  Texporakt  Adjustmknts  are  as  follows: — 

(1*)  To  mahe  the  foci  €f  the  object^gUue  and  eye-pieee  eoineide  with 
^  crosB-wiree. — The  same  as  in  the  theodolite  (see  p.  69). 

(^)  Tofilaee  the  vertical  aaeis  truly  vertical, — The  same  as  in  the 
^beodolite  (see  p.  58).  In  order  to  avoid  straining  the  plate-screws, 
tluB  adjustment  ought  first  to  be  made  as  nearly  as  possible  by 
shining  one  of  the  1^  of  the  stand,  and  then  corrected  by  the 
plate-acrewB. 

II  The  Pebmakert  Adjustments  are  as  follows: — 

(1*)  To  place  the  cross-wires  in  the  ctxis  of  the  tdescope4fube, — In  the 
Y-level,  the  same  as  in  the  Y-theodolite  (see  p.  60).  In  Troughton's 
lerel  this  adjustment  is  not  made,  except  indirectly,  as  will  be 
*^^*rwards  explained. 

In  the  Dumpy  level,*  make  three  bench  marks,  by  driving 
stakes  or  otherwise,  in  one  straight  line,  at  equal  distances  of  four 
or  five  chains  apart;  call  those  ^nch  marks  a,  b,  and  c.     Place  the 

*  TUs  ii  an  Abstract  of  BKr.  Gravatt'i  Dinctiona,  sligbtly  modified. 


64: 


EKOINEEBIKQ  OEODEST. 


level  exactly  midway  between  a  and  b,  and  make  its  temporary 
adjustments:  read  a  levelling-staff  placed  on  each  of  those  bendi 
marks;  call  the  readings  a  and  b;  assume  a  datum-level  at  any 
convenient  depth  A  below  a;  then,  because  the  level  is  midway 
between  the  staves,  the  errors  of  adjustment  affect  the  readings 
a  and  b  alike;  and  how  great  soever  these  errors  may  be,  the  correct 
elevation  of  b  above  the  datum  is 

B  =  A  +  a-6 (1.) 

Next  place  the  level  exactly  midway  between  b  and  c,  and 
make  its  temporary  adjustments;  place  a  staff  on  each  of  those 
bench  marks  and  read  it;  call  the  readings  b'  and  <f;  then,  as 
before,  the  correct  elevation  of  c  above  the  datum  is 


C  =  B  +  6'  —  ^==A  +  a  +  y  —  6  —  c. 


(2.) 


Now  place  the  level  at  the  shortest  distance  beyond  a  at  which 
it  is  practicable  to  read  tlie  staff,  make  the  temporary  adjustments, 
and  read  a  staff  on  each  of  the  three  bench  marks;  caJl  these 
readings  a",  6",  <y,  and  compute  appaareni  elevations  of  b  and  c 
above  the  datum,  as  follows : — 

K  =  A  +  of'  —  6";  C  =  A  +  a"  —  c"; (3.) 

compute  the  errors  of  those  apparent  elevations,  if  any,  viz., 

B'  — B;  Cy  — C; 

and  if  the  cross-wires  are  in  the  axis  of  the  telescope,  we  shall 
find  the  latter  error  to  be  exactly  double  of  the  foimer;  that  is 

C  —  C  =  2  (B'  —  B); (4.) 

but  should  this  not  be  so,  the  screws  at  e,  c,  fig.  42,  are  to  be  used 
to  shift  the  diaphragm  until  it  is  so. 

The  following  table  shows  the  direction  in  which  the  cross- 
wires  require  to  be  shifted  for  different  relations  amongst  the 
errors : — 

a  — 0 

more  than        less  than 
2(B'  — B)     2(F  — B) 


Direction  of 
error  C  —  C, 


upward 
downward 


upward 

downward 

downward 

upward 

]  Direction  in  which 
>the  cross-wires  are 
j  to  be  moved. 
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(2.)  To  maJbe  the  line  ofcoUimaHon  and  the  apirU-levd  parallel  to 
mck  other, — ^In  the  T-level,  bring  the  bubble  to  the  middle  of  the 
spirit-level  by  means  of  the  plate-acrewg;  lift  the  telescope  oat  of 
the  Y*^  and  set  it  down  with  the  ends  reversed.  If  the  bubble 
remains  in  the  middle  of  the  spirit-level,  the  adjustment  is  correct; 
if  it  deviates^  correct  one-half  of  the  deviation  by  the  plate-Bcrews, 
and  the  remainder  by  the  adjusting  screws  which  connect  the 
spirit-ler^  with  the  telescope. 

In  Troaghton's  level,  make  two  bench  marks  about  ten  chains 
apart;  set  np  the  level  exactly  midway  between  them,  and  read 
EtsTes  set  upon  them,  so  as  to  find,  by  the  difference  of  those 
readings,  the  true  difference  of  level  of  the  bench  marks.  Now 
aet  up  tlie  level  beyond  one  of  the  bench  marks  and  read  both 
staves;  if  the  difference  of  the  readings  deviates  from  the  true 
difference  of  level,  alter  the  position  of  the  diaphragm,  by  means 
of  its  adjusting  screws,  until  the  readings  of  the  staves  give  the 
true  di^renoe  of  level  The  cross-wires  are  thus  placed  in  a  line 
pasnng  through  the  centre  of  the  object-glass  parallel  to  the  spirit* 
level;  and  the  maker  is  relied  on  to  make  that  line  the  true  axis 
of  the  teleaoope.  The  same  adjustment  may  be  made  by  the  aid  of 
a  sheet  of  water  on  a  calm  day;  because  two  stakes  can  be  driven 
at  its  margin  so  that  their  heads,  being  flush  with  the  water,  shall 
be  exactly  at  the  same  level 

In  the  Dumpy  level,  having  ascertained  the  true  difference  of 
leyel  of  two  bendi  marks,  as  already  described,  and  shifted  the  level 
to  a  position  beyond  one  of  them,  fJt»,  if  necessary,  the  inclination 
of  the  telescope  by  means  of  the  pkUe-acrewa,  until  the  readings  of 
Uie  staves  give  the  true  difference  of  level,  and  bring  the  bubble 
to  the  middle  of  the  spirit-level  by  means  of  the  adjusting  screws 
which  connect  the  spirit-level  with  the  telescope  (a,  a,  in  fig.  42). 

(3.)  To  place  the  Ideecope  and  epirU^evd  perpendicular  to  the 
wrtieal  axis  (or,  as  it  is  called,  to  make  the  instrument  "  traverse") 
]4aoe  the  telescope  over  a  pair  of  plate-screws,  and  by  taming 
them,  bring  the  bubble  to  the  centre  of  the  spirit-level;  reverse 
the  direction  of  the  telescope  exactly,  by  turning  it  through  180^ 
about  the  vertical  axis;  if  the  bubble  is  still  in  the  middle  of  the 
spirit-level,  the  adjustment  is  correct:  if  not,  correct  half  the 
deviatum  by  the  plate-screws,  and  the  other  half  by  means  of  the 
screws  which  coimect  the  telescope  with  the  bar  on  the  top  of  the 
vertical  axis  (d,  d,  fig.  42). 

51.  The  Vse  •f  th0  i««Tei  in  finding  the  difference  of  elevation 
between  two  points  has  been  described  in  the  two  preceding 
artidea. 

The  observations,  or  readings  of  the  staff,  taken  by  means  of  the 
level,  are  called  "  sights.*^ 
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Wlien  two  sights  only  are  taken  from  one  station,  one  with  tlii 
staff  upon  a  point  whose  level  has  been  ascertained,  and  the  othe: 
with  tne  staff  upon  a  point  whose  level  is  to  be  asoertained,  th< 
former  is  called  the  hack-eighi,  and  the  latter,  the  /are^hi. 

If  the  back-sight  is  the  greater,  the  ground  rises,  and  if  tin 
fore-sight  is  the  greater,  it  &lls,  from  the  former  point  to  tb< 
latter. 

When  the  levels  of  a  series  of  points  are  taken  with  the  level  al 
one  station,  in  order  to  make  a  continuous  section,  the  first  and  the 
last  observations  are  the  principal  back  and  fore-sights  lespectiirely : 
the  first  back-sight  being  taken  with  the  staff  on  a  bench  mark 
or  other  point,  whose  level  has  been  ascertained  by  means  of  a 
sight  from  a  former  station;  and  the  last  fore-sight  being  taken 
with  the  staff  upon  a  mark  which  is  to  be  the  object  of  the  first 
back-sight  when  the  level  is  shifted  to  a  new  station.  Of  the 
intermediate  sights,  taken  with  the  staff  upon  places  where  the 
incUnation  of  the  ground  changes,  on  roads,  at  the  bottoms  of 
streams,  &o,,  each  is  a  fore-sight  relatively  to  the  preceding  sight, 
and  a  back-sight  relatively  to  the  following  one. 

For  example,  in  fig.  44,  A  is  a  station  where  the  level  is  set  up, 
and  the  horisontal  line  6  A  o  is  the  line  of  nghty  or  straight  line 
in  prolongation  of  the  line  of  collimation.  The  first  hcbck-dgJu  is 
taken  with  the  staff  on  B,  a  point  whose  height  alcove  the  datum- 


Fig.  44. 

surface  has  been  ascertained  by  previous  observations;  and  it  gives, 
as  the  reading  on  the  staff,  B  h.  The  last  fore-dghl  \a  taken  with 
the  staff  on  C,  a  point  well  suited  as  a  position  for  the  staff  when 
the  finA  hack-dght  with  the  level  at  the  next  station  D  is  taken. 
It  gives,  as  the  reading  of  the  staff,  0  c.  The  first  intermediate 
sight,  at  the  point  marked  1,  is  a  foi^sight  relatively  to  that  at  B, 
and  a  back-sight  relatively  to  that  at  the  point  2,  and  so  on. 

The  first  back-sight  and  last  fore-sight  are  the  most  important  in 
point  of  accuracy;  for  any  error  committed  in  them  is  carried  on 
through  the  whole  of  the  remainder  of  the  section ;  whereas  any 
error  committed  in  taking  an  intermediate  sight  affects  that  sight 
onlv. 

The  first  back-sight  and  last  fore-sight  taken  frtun  each  station 
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OQgiit  to  be  at  points  as  neariy  as  possible  at  equal  distances  from 
the  le^d,  in  order  to  neutralize  the  effects  of  errors  of  adjustment^ 
and  aJso  those  of  the  curvature  of  the  earth  and  of  refraction, 
which  will  be  explained  in  the  next  article;  and  those  points 
shodd  be  on  firm  ground,  and,  if  possible,  so  placed  that  the  read* 
bgs  shall  not  exceed  ten  or  eleven  feet. 

When  the  leveller  thinks  it  desirable  to  carry  his  level  on  to  a 
new  station,  such  as  D,  the  stafiman  holds  his  staff  steadily  at  C, 
oolj  making  it  fiioe  about;  the  leveller  advances  to  D,  sets  up  and 
adjusts  his  level,  takes  the  first  back-sight  0  c',  and  proceeds  as 
b^Dra  £  e  represents  the  position  of  the  staff  when  the  last  fore- 
aght  is  tiken  from  D ;  the  staff  is  held  there  until  the  leveller  has 
moved  on  and  planted  his  level  at  a  third  station,  and  so  on. 
Tbese  operations  can  be  performed  with  one  staff;  but  much  time 
is  aaved  by  using  two,  carried  by  two  staff-holders. 

While  the  levels  are  thus  being  taken,  two  chainmen  measure 
tiie  line  of  section  with  the  chain,  in  the  manner  described  in 
Artide  22,  pp.  19,  20;  except  that  instead  of  always  chainingin 
atnigfat  lines,  they  follow  the  line  of  section  as  set  out.  The 
leveller  notes  the  distances  of  all  the  points  at  which  the  staff  is 
Kt  up^  ss  well  aa  those  where  boundaries  are  crossed,  whether 
lereb  are  taken  there  or  not:  in  this  he  may  get  useful  help  from 
the  staff-holdera 

In  ooadng  a  stream  or  a  sheet  of  water,  the  leveller,  besides 
taldng  enough  of  levels  to  give  a  section  of  its  banks  and  bed, 
should  take  the  existing  level  of  the  surface  of  the  water,  and  also 
the  hi^est  and  lowest  levels  of  the  water,  so  far  as  he  can 
Ascertain  them.  Levels  of  the  bottom  may  be  taken  by  sounding. 
When  a  sight  is  to  be  taken  to  determine  the  level  of  a  point 
vhich  is  below  the  line  of  collimation  by  more  than  the  entire 
len^  of  the  staff,  the  staff  may  be  raised  up  vertically  until  the 
lereller  can  read  some  division  near  its  upper  end,  and  the  height 
of  the  lower  end  of  the  staff  above  the  ground  may,  at  the  same 
time,  be  measured  with  a  tape-line  or  with  another  staff,  and  added 
^  the  height  read  This,  however,  should  only  be  practiaed  at 
intermediate  sights 

On  the  subject  of  Cbcckiag  l^ermia,  see  Article  16,  page  15.  In 
good  ordinary  levelling  the  discrepancy  between  two  sets  of  levels 
over  the  aame  section  may  be  about  a  foot  in  forty  miles  of  distance. 
^2.  C«ffVM«i«a«  for  Cwtewwamn  mmd  Bcftactlmk — Inasmuch  as  a 
tnilj  horizontal  surface  is  not  plane,  but 
spheroidal  (Article  3,  p.  2),  the  line  of 
sight  of  the  level,  when  truly  adjusted, 
does  not  exactly  coincide  with  such  a 
nn&oe,  but  is  a  tangent  to  it      The  f  1&  ^^ 
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height  read  tipon  a  levelling-staff,  therefore,  is  always  greater  tban 
it  would  be  if  a  horizontal  surface  were  plane ;  and  the  quantity  to 
be  deducted  from  the  height  on  the  staff  of  the  point  -vrMch 
is  in  the  prolongation  of  the  line  of  collimation,  in  order  to  reduce 
it  to  the  height  which  would  have  been  read  had  a  horizontal 
surface  been  plane,  is  called  the  correction  for  curvatwre. 

On  the  other  hand,  the  line  of  sight,  being  the  line  along  vrliicli 
light  proceeds  from  the  object  looked  at  to  the  telescope,  is  not 
perfectly  straight,  being  made  slightly  concave  downwards  by  the 
refracting  action  of  the  air.     Hence  the  point  seen  on  the  staff 
apparently  in  the  line  of  collimation  produced^  is  not  exactly  in 
that  line,  but  is  below  it  by  an  amount  called  the  error  ^ram 
r^aetioUy  and  thus  the  error  arising  from  curvature  is   partly 
neutralized;  and  the  correction  to  be  subtracted  for  curvatnre  and 
lefraction  usuaUy  is  somewhat  less  than  the  correction  for  curvature 
alone. 

In  fig.  45,  A  represents  the  level;  B,  a  point  on  the  ground; 
B  0  E  D,  the  staff  standing  on  it;  A  C,  a  level  surface  touching  the 
line  of  collimation,  with  the  curvature  very  much  exaggerated; 
A  D^  a  straight  line  in  prolongation  of  the  line  of  collimation ; 
E  A,  the  real  line  of  sight,  a  curved  line  in  which  light  proceeds^ 
owing  to  atmospheric  refraction.  Then  the  correaion  for  euri?a- 
tua'6  is  — C  D ;  the  correcUonfor  refraction  +  D  E;  and  the  joint- 
correction^ 

-EC=  -CD  +  DE, (1.) 

The  correction  for  curvature  is  a  third  proportional  to  the  earth's 
diameter  and  the  distance  between  the  level  and  the  staff— that  is 
to  say^  its  value  in,  feet  ia 

distance*        2 ,..  .          .      .  j.  .       -i    \q  /->x 

41778  000°  3  (^^**°^®  *^  statute  miles)« (2.) 

The  error  produced  by  refraction  varies  very  much  with  the 
state  of  the  atmosphere,  having  been  found  to  range  from  one-half  to 
one-tenth  of  the  correction  for  curvature,  and  in  some  cases  to  vary 
even  more.  Its  value  cannot  be  expressed  with  certainty  by  any 
known  formula;  but  when  it  becomes  necessary  to  allow  for  it,  it 
may  be  assumed  to  be  on  an  average  about  one-sixth  of  the  correc- 
tion of  a  curvature;  so  that  the  joint  correction  for  curvature  and  re- 
fraction, to  be  subtracted  from  the  reading  of  the  staffs  is  on  an 
average, 

-7,  X /  xooo      ~  *  ^^  (distance  in  statute  miles)*...  (3.) 

The  errors  produced  by  curvature  and  refiraction  are  neutralized 
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when  back  and  fore-sights  are  taken  to  staves  at  equal  or  nearly 
equal  distances  from  the  level.  At  distances  not  exceeding  ten 
chains,  they  are  so  small  that  they  may  be  neglected. 

The  uncertainty  of  the  correction  for  refraction  makes  it  advis- 
able to  avoid,  in  exact  levelling,  all  sights  at  distances  exceeding 
about  a  quarter  of  a  mile. 

53.  The  IjctvI  Vicki-B««k  is  kept  in  various  forms,  according  to 
the  practice  of  different  engineers.  In  one  of  the  most  usual  and 
convenient,  each  page  is  divided  into  seven  columns,  headed  as 
follows : — 

Bise.    ^V    ^^rr     Faa     ^^?^    Distance.   I>«;?;iption  of 
sight     sight  Level  Object 

The  first  entry  made  is  in  the  column  of  reduced  levels,  being  the 
elevation,  in  feet  and  decimals,  of  the  bench  mark  on  which  the 
first  back-sight  is  taken  above  a  datum  horizontal  surface;  and 
opposite  this,  in  the  column  of  description  of  objects^  is  the  desig- 
nation of  that  bench  mark.  In  the  second  and  all  the  following 
lines  the  only  entries  usually  made  in  the  field  are  the  back-sights 
and  fore-sights,  the  distances,  and  the 'description  of  objects;  so 
that^  beginning  at  the  right  side  of  the  page,  we  have  in  each  line 
the  description  of  a  point  or  object  (if  any  description  is  necessary), 
its  distance  from  the  commencement  of  the  line  of  section,  the  fore- 
sight read  upon  the  staff  when  held  at  that  pointy  and  the  back-* 
sight  read  upon  the  staff  when  held  at  the  point  immediately 
preceding.  On  each  occasion  when  an  intermediate  sight  is  taken 
without  shifting  the  level,  it  will  be  entered  as  a  fore-sight  opposite 
the  point  to  which  it  is  taken,  and  also  as  a  back-sight  in  the  fol- 
lowmg  line.  In  rtdwdng  the  levels,  which  ought  to  be  done  each 
evening  for  the  levels  taken  during  the  day,  the  first  process  is  to 
take  the  difference  between  the  back-sight  and  fore-sight  in  each  line, 

an4  enter  it  as  a  |  ^ J  according  as  the  j^^|ht}  '^  ^« 

greater.  The  reduced  levels  are  then  computed  in  succession  from 
the  level  of  the  first  bench  mark  by  the  successive  addition  of  the 
rises  and  subtraction  of  the  falls. 

The  calculations  in  each  page  are  checked  by  adding  up  the  first 
four  columns ;  when  the  difference  between  the  total  rise  and  total 
fidl  ooght  to  be  equal  to  the  difference  between  the  sum  of  the 
back-sights  and  the  sum  of  the  fore-sights,  and  also  to  the  difference 
between  the  first  and  last  reduced  levels  in  the  page,  the  first 
reduced  level  in  the  first  page  being  that  of  the  first  bench  mark; 
and  the  last  reduced  level  in  each  page  being  also  entered  as  the 
first  in  the  following  page. 

It  is  sometimes  useful  to  enter  in  the  column  of  descriptions  the 
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magnetic  bearings  of  the  lines  levelled,  and  to  illustrate  it 
sionally  by  sketch  sections  of  the  more  intricate  parts  of  the  ground. 

It  is  often  necessary  to  reduce  the  levels  in  the  field,  especially 
in  taking  trial  levels.  In  such  cases  the  calculations  should  be 
carefully  checked  afterwards. 

54.  Ptottiac  a  Secttoa  is  commenced  by  drawing  with  a   very 
accurate  straight-edge  a  straight  ''  ckUum-line,'*  to  represent   the 
datum  horizontal  surface  from  which  heights  are  reckoned,  and 
marking  on  that  datum-line  a  scale  of  distances.     The  vertical 
scale  should  be  drawn  on  the  paper  at  right  angles  to  the  datum-liTie, 
in  order  that  it  may  be  parallel  to  the  lines  representing  heights, 
and  expand  and  contract  along  with  them.     This  is  of  great  im- 
portance in  engraved  and  lithographed  sections,  in  which  &e  paper 
often  expands  or  contracts  differently  in  different  directiona      The 
plotting  of  the  distances  and  heights  entered  in  the  field-book  is 
performed  like  that  of  the  distances  and  of&ets  in  a  chained  survej'. 
(Article  31,  p.  32.)    As  to  scales,  see  p.  7. 

Explanations  are  usually  written  above  the  objects  to  which 
they  relate,  such  as  roads,  railways,  canals,  rivers,  &c. 

The  nature  of  the  principal  information  which  is  required  in 
writing  on  sections  for  engineering  purposes  has  been  stated  in 
Article  14,  pp.  14,  15. 

65.  ijercUiMc  hj  thm  Thc«d«llie  may  be  performed  in  three 
different  ways, 

I.  By  placing  the  line  of  eollimation  horizontal,  and  using  the 
theodolite  like  a  level. — This  may  be  done  when  a  proper  levelling 
instrument  is  not  at  hand 

II.  By  setHng  the  line  of  eollimation  at  a  known  angle  of  in- 
clination, and  taking  sights  in  other  respects  as  if  with  a  leveL — 
This  process  may  save  time  in  taking  the  levels  of  steeply  sloping 

ground.  In  fig.  46,  A  representa 
the  theodolite,  b  A  c  the  sloping 
line  of  sight,  B  6,  C  c,  and  *the 
other  vertical  lines,  heights  read 
off  on  the  staff  The  most  con- 
venient way  to  reduce  levels  taken 
by  this  method  is  first  to  reduce 
them  as  if  the  line  of  sight  were 
horizontal,  and  then,  according  as 
its  inclination  is  upward  or  downward,  add  to  or  subtract  from  each 
reduced  height  a  correction  for  dedimty,  found  by  multiplying  the 
distance  of  the  point  from  the  commencement  of  the  sloping  line 
of  sight  by  the  sine  of  the  angle  of  inclination,  if  distances  have 
been  measured  on  the  slope,  or  by  its  tangent^  if  they  have  been 
reduced  to  horizontal  distances.    (Article  23,  p.  20). 


Fig.  46. 
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HL  By  taJemg  angles  o/ttititude  and  deprestion, — ^The  height  of 
sn  object  aboTe^  or  ite  depth  below,  the  telescope  of  the  theodolite^ 
is  sfiulj  equal  to  its  horizontal  distance  from  the  station  of  observa- 
tion mnltiplied  by  the  tangent  of  its  altitude  or  depression,  as  the 
case  may  be. 

The  conection  for  corvatnre  is  one-hal/of  the  angU  wbtended  by 
ike  Satagfte  at  the  centre  of  curvaitwre  of  As  earth^s  turface,  or  ^'  con- 
tained arc,'*  as  it  is  called ;  and  that  correction  is  to  be  added  to 
altitudes  and  sabtracted  from  depressions.  (As  to  the  computation 
of  that  angle,  see  Article  33,  Division  Y.,  pp.  46,  47.) 

The  carrectioii  for  refraction  is  veiy  variable,  as  has  been  already 
explained.  On  an  average,  it  may  be  approximated  to  by  dimin- 
ishmg  the  correction  for  curvature  by  one-sixth. 

The  eflfecta  of  curvature  and  refraction  may  be  nearly  neutndiied 
hj  taking  reciprocal  angles,  as  they  are  called;  that  is  to  say,  if  A 
tnd  B  be  two  stations,  B  being  the  higher;  take  the  altitude  of  B 
ts  seen  from.  A,  and  the  depression  of  A  as  seen  from  B;  half  the 
diflbrenoe  of  those  angles  will  be  the  combined  correction ;  and  the 
tangent  of  half  their  sum,  being  multiplied  by  the  distance,  will 
1^  the  difference  of  level  nearly.  The  reciprocal  angles  should  be 
taken  as  nearly  as  possible  at  the  same  instant,  lest  the  refracting 
power  of  the  air  should  change  in  the  interval 

levelling  by  angles  is  not  to  be  relied  upon  for  engineering 
puiposes,  except  occasionally  in  taking  flying  levels. 
.  The  altitude  of  an  object  on  land  is  token  with  the  sextant^  by 
o)38er?ing  the  "double  altitude** — that  is,  the  angle  between  the 
object  and  its  image  as  reflected  in  a  trough  of  mercury^  called  an 
''or^^cioZ  horizon^* — and  taking  one-half  of  that  double  altitude. 

5&  liercOiag  ibr  th«  PkiBc-Tmkie  is  performed  by  adjusting  the 
table  with  particular  care  to  a  horizontal  position,  measuring  the 
tangent  of  the  altitude  or  depression,  and  multiplying  it  by  the 
distence.      To  enable  such  tangents  to  be 
measured,     the    index     is    constructed    as  ^ji^"'^'^^^ 

followB!— In  l^g.  47,  E  P  is  the  flat  bar  of  y'-'Z'^^^^ 
a«  mdex,  P  6  its  forward  and  E  a  its  J^.^'^^^'^'^^^ 
Uckward  sight     Near  the  bottom  of  the    ^  Jp     ""-^-^ 

Wkward     sight    is    a    sight-hole    A    for  »    ^^^ 

obeerying  altitudes;  near  the  top,  a  sight- 
hole  a  for  observing  depresBion&     A  scale  of  equal  parts  is  marked 
on  tile  forward  sight,  and  numbered  upwards  from  B  opposite  A, 
and  downwards  from  h  opposite  a,    A  slider  D  is  slid  up  or  down 
till  a  cross-wire  contained  in  it  appears  in  a  line  with  the  object, 
and  the  tangent  is  read  by  an  index  and  vernier. 
This  process  also  is  only  suited  for  flying  levela 
57.  l.cT«IUi«  1^  the  BMMMicr  mmk  XMvtmmmmm  may  occa&on- 
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ally  be  used  for  engineering  purposes  to  take  flying  levels  in 
exploring  the  country.  The  following  formula  is  sufficiently 
correct  for  that  object : — 

Let  the  quantities  observed  be  denoted  as  follows : — 

At  the  lower    At  the  higher 
■tatioo.  BtatioD. 

Height  of  the  mercurial  column  in  the  baro- 

met«r, H h 

Temperature  of  the  mercury  in  degrees  of 

Fahrenheit,  as  shown  by  the  '^  attached  " 

thermometer, T t 

Temperature    of  the    air  in  degrees    of 

Fahrenheit^  as  shown  by  the  ^Metached  *' 

thermometer, T / 

Then  the  height  of  the  higher  station  above  the  lower,  in  feet 

=  60360  j log  H  — log  A  — -000044  (T  — qI  .] 

A-i.T^  +  ^  — g^  (  •••(^•) 

V"^         986        J'  J 

For  rapid  calculation,  the  following,  though  less  exact,  is 
convenient : — 

Height  in  feet  =  563O0  (logH  — log*),  (l  +^i^nearly.  (2.) 

In  the  absence  of  logarithms,  the  following  formula  may  be  used 
for  heights  not  exceeding  about  3,000  feet.  Correct  the  barometric 
reading  at  the  higher  station  as  follows : — 

Height  in  feet  =  52428  5^'.  (l  +  ILt^ZL?*)  nearly.  (3.) 

The  preceding  formulae  are  applicable  to  the  mercurial  barometer. 
They  are  also  applicable  to  the  ^*  Aneroid"  barometer,  with  the 
exception  of  the  correction  depending  on  the  temperature  by  the 
attached  thermometer.  The  aneroid  barometer,  if  very  skilfally 
constructed,  may  be  made  to  require  no  appreciable  correction  for 
the  effect  of  its  own  temperature  on  its  indications.  Should  it 
need  such  correction,  the  amount  can  only  be  determined  by  an 
experimental  comparison  between  the  individual  aneroid  barometer 
and  a  mercurial  barometer. 
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Another  method  of  takijDg  flying  levels,  depepding,  like  the 
barometric  method,  npon  the  pressure  of  the  air,  is  that  of  determin- 
ing the  boiling-point  of  pure  water  by  a  very  sensitive  thermometer — 
a  method  invented  by  Dr.  Wollaston,  and  improved  by  Principal 
Forbea  (See  Tramactiona  of  Ihe  Royal  Society  ofEdirdmrghj  vols. 
XV.  and  xxL) 

That  boilmg-point  fiJls  very  nearly  at  the  rate  of  one  degree  of 
Fahrmhdlfbr  every  54:3  feet  ofcuoerU;  and  still  more  nearly  accord- 
ing to  the  following  formula : — 

« in  feet  =  517  (212»  —  T)  +  (212*  —  T)*; (d.) 

Tbeing  the  boiling-point  on  Fahrenheit's  scale,  and^^the  height  of  the 
station  where  the  experiment  is  made  above  a  station  where  the 
boiling-point  is  212°.  To  compare  the  levels  of  two  stations,  the 
boiling-point  of  pure  water  is  to  be  observed  at  each,  and  the 
quantity  2;  is  to  be  calculated  by  formula  4  for  each  of  the  boilings 
points;  when  the  difference  between  those  quantities  z  will  be  the 
approximate  height  of  the  station  where  the  boiling-point  is  lowest 
above  the  other  station. 

58.  Detached  Iierel*— VeacwM  m€  the  C^mmtrr^ — ^The  use  to  the 

engineer  of  **  Flying  Levels,"  or  observations  of  the  heights  of 
detached  points,  has  already  been  mentioned  in  Article  10,  p.  9« 
Such  heights  cannot  be  easily  shown  by  means  of  vertical  sections; 
and  the  most  convenient  method  of  recording  them  is  to  write 
them  on  a  plan  of  the  country. 

Detached  levels  may  be  taken  for  the  purpose  of  determining  the 
elevations  of  importaiit  points  on  existing  works,  such  as  bridges, 
roads,  railways,  canals,  ^,  or  of  objects  suitable  for  bench  marks; 
or  tiiey  may  be  taken  in  order  to  give  the  engineer  a  general 
knowledge  of  the  form  of  the  surface  of  the  countiy.  In  the 
present  Article  it  will  be  shown  what  positions  are  the  best 
suited  for  detached  levels  taken  with  the  last-mentioned  purpose. 

On  the  BwHauce  of  the  earth,  and,  indeed,  on  any  irregularly 
carved  sni&ce,  two  classes  of  lines  may  be  distingolshed,  whose 
positions  and  figures  are  of  primary  importance  in  determining  the 
shape  of  that  surface— -Ridoe-Lines  and  YALLEY-LiNEa 

L  A  Bidce-iJae  is  distinguished  by  the  property,  that  along  the 
whole  of  its  course  it  is  higher  than  the  ground  immediately 
adjacent  to  it  on  each  side; — in  othor  words,  the  ground  slopes 
downwards  from  it  at  both  sides.  The  rain-water  which  falls  on 
the  ground  consequently  runs  away  from  both  sides  of  a  ridge^ 
line;  and  hence  it  is  also  called  a  "  Wateb-shed  Line."  Iti(^e« 
lines  are  also  sometimes  called  ''  the  features  of  the  country."  The 
earth's  sar&use  is  traversed  by  a  number  of  main  ridge- lines,  which 
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are  the  central  lines  of  the  great  mountain-chainfl;  from  these 
there  divei^e  branch  ridge-lines,  and  from  these  secondary  branch 
ridge-lines,  and  so  on;  until  in  most  cases  the  final  ridge-lines  end 
at  promontories,  where  they  sink  down  into  the  pla^[is  or  the 
yaUeya  A  ridge-line  may  return  into  itself,  so  as  to  contain 
within  it  an  enclosed  hollow  or  basin;  but  this  is  of  compaiatiTeljr 
rare  occurrence. 

A  ridg&-line  is  seldom  either  straight  or  level  throughoot  an y 
considerable  part  of  its  length,  being  almost  always  more  or  less 
wavy  or  serrated  both  vertically  and  horizontally. 

Tlie  highest  points  of  ridge-lines  form  the  summits  of  the  hills. 
The  summit  of  a  conical  or  rounded  hill  may  in  some  cases  be  an 
isolated  point,  not  traversed  by  a  ridge-line;  but  the  summit  of  a 
hill  is  in  general  traversed  by  at  least  one  ridge-line,  and  is  very 
often  a  point  of  divergence  of  several  ridge-lines.  A  summit  may 
aometimes  be  a  flat  expanse  called  a  ''  table-land,"  with  ridge-lines 
diverging  from  its  edges. 

II.  A  Yailer^liUM  is  distinguished  by  the  property,  that  along 
the  whole  of  its  course  it  is  lower  than  the  ground  immediately 
adjacent  to  it  on  each  side; — in  other  words,  the  ground  slopes 
upwards  from  it  at  both  sides.     The  water  on  the  surfisuse  of  the 
ground   consequently    runs    towards    a    valley-line    from    both 
tddes,  and  except  in  certain  cases,  runs  along  the  valley-line  in  a 
stream;  whence  valley-lines  may  be  called  '' Wateb-Coubse  Lnrss." 
The  exceptions  are,  when  the  valley-line  is  in  an  enclosed  basin, 
so  that  a  lake  is  formed;  and  when  t^e  surface  water  disappears  by 
evaporation  or  absorption.     Between  each  adjacent  pair  of  flnal 
ridge-lines  there  is  a  valley-line;  these  valley-lines  converge  and 
unite  into  greater  valley-lines,  and  so  on  until  the  final  valley- 
lines  end  in  the  sea,  or  at  the  bottom  of  some  enclosed  basin,  or 
at  the  edge  of  a  plain.     A  valley-line,  like  a  ridge-Hne,  is  seldom 
either  straight  or  level  throughout  any  considerable  part  of  its 
length. 

The  end  of  a  ridge-line  lies  in  general  either  in  a  plain,  or  between 
two  converging  valley-lines,  or  in  the  bend  of  a  valley-lin&  The 
commencement  of  a  valley-line  lies  in  general  between  two  diveig- 
ing  ridge-lines,  or  in  the  bend  of  a  ridge-Hne,  or  at  a  "  Pass." 

A  PsM  is  a  place  on  a  ridge-line  lower  than  any  neighbourijig 
point  on  the  same  ridge-line,  and  miglit  be  described  as  a  point 
where  a  ridge-line  and  a  valley-line  cross  each  other  at  right  angles; 
but  it  is  more  in  accordance  with  the  prdinary  use  of  the  vord 
'<  Talley ''  to  describe  the  line  of  lowest  elevation  at  a  pass,  which 
crosses  the  lidge-Hne  at  right  angles,  as  consisting  of  two  vaUej-lines 
which  run  downwards  from  the  pass  in  opposite  directions. 

Erom  these  descriptioDS  of  ridge-lines  and  valley-lines,  axtd  of 
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PoJBtBin  and  oannected  indth  them,  it  is  obyioas  that  the  places 
^JiOK  derations  are  of  xnaat  importanoe  towards  a  knowledge  of 

\  Sgfoe  of  the  soz^use  of  wl  district  are  the  following : — 

The  gammita  of  hillfl^  l>eiii£^  peaks,  table-lands,  or  highest  points 
/tfnd^linesL 

Hie  points  -where  %hiB  ixidinations  of  ridge-lines  changa 

The  pobts  from,  liirhicfa.  ridge-lines  diverge. 

The  psssea,  or  low^est  points  of  ridge-lines  and  highest  pcnnts  of 
piiis  of  Tallej-liiies. 

The  kwesit  points  of  Tralley-linea 

The  points  where  the  indmAtions  of  valley-lines  diaoga 

The  pointa  where  conver^ging  valley-lines  meet 

Of  all  tliose  places,  those  which  are  of  most  importanoe  in  the 
eo^neering  of  lines  of  commnnication  are  the  pas$e$;  because  they 
ate  in  general  tlie  points  &t  -wrhich  ridges  are  to  be  crossed. 

To  Ihe  levels  of  the  places  already  enumerated  may  be  added, 
those  oC  the  saxfaoes  of  seas,  lakes,  rivers,  and  other  bodies  of  water, 
in  ^eir  vaiioiia  oonditions. 

The  valley-lines  of  a  district  are  nsnally  marked  with  sufficient 
^stiDietittss  on  a  plan  by  the  water-conrses.  The  position  of  the 
ndge-linea  is  in  general  indicated  by  shading  the  slopes  which  fall 
ham.  Uiem.  in  each  direction,  the  best  system  of  shading  being  that 

aooiding  to  which  the  depth  of  the  shadow  varies  with  the  steep- 

—  of  the  slope,  being  made  as  nearly  as  possible  proportional  to 


a^idilioii,  very  slightly  shaded^  in  order  to  distinguish  them  from 
the  top  of  hills. 

^-  Tiiiw  Han  are  naed  as  means  <^  enabling  a  plan  to  give 
™*e  complete  infonnation  as  to  the  figure  of  the  stuface  of  the 
gtiHMod  than  is  possible  by  means  of  levels  written  in  figures  alone. 
A  oontoiir-lise  on  a  plan  represents  a  contour-line  on  the  earth's 
tnAce,  which  is  a  hne  traver«z»^  ^^  ^®  points  on  the  ground  that 
we  at  a  gireii  constant  hdght  above  the  datum-level.     A  contour- 
line^  on  the  ground  may  be  otbeirwise  described  as  a  horizontal 
fcetion  of  the  earth's  surface  or  th©  1^^®  where  the  earth's  surface 
is  cat  by  a  given  horizontal  sur&oe,  or  the  outline  of  an  imaginary 
^*ee*  of  water,  covering  the  ground  up  to  a  certain  given  eleva- 

AU  eontonr-Jines  cross  the  lii^^*  ^^-  ''^^P^  declivity  on  the 
•wfiwe  of  the  gromid  At  'trht  »i>^^^^  ^^^7  *^  ^^'^^^^^  **  right 
angles  all  ri^e-Iineg  and  ftSeV-li"^®  **  ^*^^^  *^®  surface  of  the 
gmmd  is  sensibJj  cnrvari  ^*tJ  ^doe^  ^'^^  ^^"^  *"^  absolutely  sharp 
ridge  orfbrrow.  ^  ^'^^ 

The  vertksai  (fetaiKjg  K^  n  e^*^'^'®®^^^  contour-lines  on  a  plan 

depends  on  the  seal©  a^  ,  ^^^     iilie  figure  of  the  grouud,  and  the 

"*  the  p*'*'*^ 
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purpose  for  which  the  plan  is  intended;  being  greater  in  plans  on  a 
small  scale  than  in  those  on  a  large  scale ;  greater  where  the  slopes 
are  steep  and  the  hills  high  than  where  the  slopes  are  gentle  and 
the  hills  low;  and  greater  or  less,  also,  according  to  the  precision 
with  which  levels  have  been  taken  for  finding  l£e  position  of  the 
oontoiu>lines,  and  the  use  that  is  to  be  made  of  them  in  designing 
worksl     For  example,  in  the  Ordnance  Maps  of  Brita^,  on  the 
scale  of  six  inches  to  a  mile,  contour-lines  are  drawn  at  each  twenty- 
five  feet  of  height,  and  certain  of  these,  called  ''  principal  contour- 
lines,"  are  determined  with  greater  precision  than  the  others ;  and 
those  principal  contour-lines  are  at  every  fifty  feet  of  elevation  in 
the  flatter  parts  of  the  country,  and  at  every  hundred  feet  in  the 
more  hilly  parts.     The  closest  contour-lines  are  those  which  have 
been  laid  down  in  some  plans  of  town  dLstricts  for  purposes  of 
drainage  and  other  improvements :  these  occur  at  vertical  intervals 
of  from  eight  feet  to  two  feet 

Different  methods  of  determining  the  positions  of  contour-lines 
may  be  followed  according  to  the  degree  of  precision  required.     To 
lay  down  principal  contour-lines,  a  series  of  bench  marbs  should  be 
made  at  such  points  in  ridge  and  valley-lines  as  have  been  already 
specified  in  the  preceding  Article;  the  positions  of  those  bench 
marks  should  be  ascertained  in  the  course  of  the  survey,  and  laid 
down  on  the  plan,  and  their  elevations  found  by  levelling.     Then 
by  levelling  from  those  bench  marks,  points  are  to  be  marked  by 
pegs,  or  otherwise,  on  the  lidge  and  valley-lines,  and  at  as  many 
intermediate  places  as  may  appear  necessary,  at  certain  definite 
elevations  above  the  datum-level,  such  as  50  feet,  100  feet,  150  feet^ 
and  so  on.     The  positions  of  the  points  so  marked  being  surveyed 
with  the  chain  and  plotted,  give  a  series  of  points  in  the  contour- 
lines  ;  and  the  course  of  those  lines  between  the  points  so  found  by 
surveying  is  to  be  sketched  upon  a  tracing  of  the  plan  taken  to  the 
ground  for  the  purpose.    Bench  marks,  whose  levels  ought  to  be 
checked,  should  be  made  at  the  places  where  principal  contour-lines 
cross  important  ridge-lines  and  valley-lines. 

Intermediate  contour-lines  can  be  interpolated  between  the 
principal  contour-lines  by  sketching  on  the  ground,  aided  by  the 
known  levels  of  the  points  where  the  rates  of  inclination  of  the 
ridge  and  valley-lines  vary. 

The  horizontal  distance  between  two  adjoining  contour-lines 
being  inversely  as  the  tangent  of  the  angle  of  indination  of  the 
ground,  is  also  inversely  as  the  depth  of  shadow  to  be  used  to 
express  the  steepness  of  the  slope.  "HUl-sketching,"  as  it  is  called, 
consists  in  shading  the  slopes  of  hills  upon  the  ground  according  to 
this  principle,  with  the  pencil,  by  drawing  horizontal  lines  parallel 
to  the  contour-lines,  and  with  a  degree  of  closeness  proportional  to 
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that  of  the  contour-lines  themselvefl.     Those  pencil  hatchings  are 
in  fact  intermediate  contour-lines  sketched  by  hand.* 

In  engraved  plans  the  shading  of  hills  ia  effected  by  means  of 
hatched  lines  at  right  angles  to  the  contoui*-lines,  and  following, 
therefore,  the  Hnes  of  steepest  declivity. 

In  order  that  an  engineer  may  know  how  far  he  can  depend  upon 
the  contour-lines  on  a  plan  as  a  means  of  enabling  him  to  select 
the  best  line  for  a  proposed  work,  it  is  necessary  that  he  should 
know  by  what  method,  and  with  what  degree  of  precision,  their 
positions  have  been  determined,  and  that  he  should  see  upon  the 
plan  the  positions  and  written  levels  of  the  bench  marks  and  other 
detached  points  which  have  been  used  during  that  process. 

60.  Craw  ScciisiM  may  cross  the  centre  line,  or  line  of  the  Ion* 
gitudinal  section,  of  a  proposed  work  either  at  right  angles  or 
obliquely. 

The  term  is  applied  to  longitudinal  sections  of  existing  lines  of 
communication  which  the  proposed  work  has  to  cross.  Such  sections 
have  already  been  referred  to  in  Article  7,  p.  6,  and  Article  8,  p.  7. 

Cross  sections  to  assist  the  engineer  in  choosing  the  best  line 
(referred  to  in  Article  11,  Division  V.,  p.  10)  should  in  general  run 
along  the  ridge-lines  and  valley-lines  which  are  to  be  crossed  by  the 
proposed  work.  They  should  also  be  made  where  the  ground  has 
a  steep  slope  in  a  direction  transverse  or  oblique  to  that  of  the 
centre  line  of  the  proposed  work. 

Cross  sections  to  accompany  the  working  section,  for  the  purpose 
of  enabling  quantities  of  excavation  or  other  work  to  be  measured 
and  calculated  exactly  (referred  to  in  Article  11^  Division  XIV., 


*  In  the  late  Mr.  Bntler  Williams's  Practical  Geodesy,  p.  190,  he  deraribes  in 
the  foUowing  terma  an  approzimate  method  of  drawing  contoor-lines  by  the  aid  ot 
pencil  hill-shadings  :— 

**  Hcyrizontal  contoma  can  be  traced  by  the  eye  with  oonsiderable  accnracy,  especially 
when  the  tamym  is  assisted  by  the  altitudes  obtained  in  the  trigonometrical  opera- 
tiooB  serring  for  the  construction  of  the  outline  map.  The  process  .  .  .  which  I  now 
proceed  to  describe,  is  rapid  in  execution,  and  tolerably  correct  for  a  small  scale  (say 
one  inch  or  two  inches  to  a  mile),  where  experience  has  trained  the  eye  to  accuracy. 
It  is  wen  adapted  for  reconnoissances  of  a  country,  and  is  much  used  by  military 
eogineera.  The  civil  engineer  would,  however,  frequently  find  the  same  advantage 
in  using  it  in  his  preliminary  examinations  of  countries  for  the  purpose  of  selecting 
general  lines  of  communication. 

**  In  the  field,  when  the  eye  is  alone  depended  upon,  the  horizontal  lines  are  traced 
in  pencil^  by  close  parallel  hatchings;  and  when  the  whole  drawing  is  finished,  the 
oonna]  oontoors  are  traced  at  the  required  vertical  distances  apart,  by  following  the 
genertl  direction  of  the  pencil  lines,  and  checking  their  truth  by  means  of  the  trigono- 
metrical elevations  or  other  heights  marked  on  the  map.  The  contours,  when  a 
complete  drcnit  is  made,  must  return  to  the  |)oint  of  departure ;  and  if  it  were  attempted 
by  the  eye  alone  to  trace  normal  contours  which  are  isolated  from  each  other,  no 
degree  d  previous  experience  would  suffice  for  the  attainment  of  the  object. 

H 
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p.  11),  are  in  general  at  right  angles  to  the  line  of  the  longittidinal 
section. 

61.  The  Watei^<li«Tel  is  an  instrument  used  instead  of  the  spirit- 
level  where  long  range  and  great  accuracy  are  unnecessary.    It  con- 
sists of  an  inverted  siphon  tube,  fixed  on  the  top  of  a  stand,  and 
nearly  filled  with  water,  which  may  be  slightly  tinged  to  make  it 
the  more  easily  visible.     The  horizontal  part  of  the  tube  (about 
eighteen  inches  or  two  feet  long)  may  be  of  metal :  the  two  vertical 
branches  (which  are  only  two  or  three  inches  high)  are  of  glass. 
The  surfaces  of  the  water  stand  at  the  same  level  in  those  two 
branches;  and  the  leveller  obtams  a  horizontal  line  of  sight  by 
looking  along  a  line  joining  those  two  surfaces,  which  may  be  con- 
sidered as  the  '^line  of  collimation"  of  the  instrument.     When 
the  distance  of  the  staff  is  so  great  that  the  observer  cannot  read 
the  divisions,  a  staff  of  the  old  kind,  with  a  sliding  vane,  may  be 
used.   (See  Article  49,  p.  83.)  The  water-level  is  useful  for  setting- 
out  the  points  of  contour-lines  intermediate  between  the  bench 
marks,  being  sufKciently  accurate  for  that  purpose,  and  more  exiie- 
ditious  than  the  telescopic  levelling  instrument 
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CHAPTER   V. 

OP  SETTING-OUT. 

61  wtmm^jbatf  BtwwOgkt  i«Ib««.— It  has  already  been  stated  in 
Anide  11,  DiviaLon  XIIL,  p.  11,  that  the  process  oi  ranging  and 
ietHng-out  Ike  line  oonsists  in  marking  on  the  ground  the  centre 
line  of  the  proposed  Twork. 

That  marking  con^ats  of  two  operations :  temporary  marking,  or 
'^^^g*  by  means  of  poles ;  and  permanent  marking,  or  setting- 
out,  properly  so  called,  in  which  the  principal  marks  are  in  genciul 
stftkes. 

The  distance  apart  of  the  stakes  used  in  setting-out  the  centre 
line  of  a  proposed  work  varies  considerably  in  the  practice  of 
different  en^neer&  In  some  cases,  a  stake  is  driven  at  every  chain 
of  66  feet;  in  others,  at  every  100  feet;  while  on  some  works  the 
distance  from  stake  to  stake  has  been  as  great  as  300  feet.  Time 
ud  money  are  saved  by  adopting  a  long  interval  between  the  stakes, 
hot  at  the  expeiise  of  precision. 

For  ranging  straight  lines  of  moderate  length,  the  most  conve- 
nient instrument  is  a  large-sized  transit  theodolite — ^that  is  to  say, 
one  with  ditdes  of  six  inches  in  diameter  or  more  (Article  34, 
pp.  o4,  55) — ^because  the  telescope  is  capable  of  being  turned  com- 
pletely ov^:  about  its  horizontal  axis,  so  as  to  range  one  continuous 
Btnight  line  in  two  opposite  directions  from  the  station.  In  order 
that  this  operation  may  be  correctly  performed,  great  care  must  be 
Wowed  on  the  adjustment  of  the  line  of  coUimation  perpendicular 
to  the  horizontal  axis  (Article  35,  p.  60),  of  the  horizontal  axis 
perpendicular  to  the  vertical  axis*  (Article  35,  p.  61),  and  of  the 
vertical  axis  truly  vertical  (Article  35,  p.  58).  Witih  a  good  six- 
uich  theodolite  the  error  in  ranging  a  pole  in  a  straight  line  should 
y^t  exceed  10"  in  angular  direction;  that  is  to  say,  about  three 
inch^  at  a  distance  of  a  mile  off. 

For  very  long  straight  lines,  however,  the  theodolite  is  not 
inifficiently  exact;  and  then  it  becomes  advisable  to  use  a  small 
Tbasstt  Ikstrukent,  consisting  simply  of  a  telescope  with  a  hori- 
zontal axis,  resting  on  a  suitable  stand,  so  as  to  be  capable  of  being 
turned  over  in  a  vertical  plane. 

The  telescope  of  a  tremsit  instrument  for  engineering  purposes 
may  be  from  twenty  to  thirty  inches  in  the  focal  length  of  the 
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objectrglass.  At  the  middle  of  the  length  of  the  telescope  tube  is  n 
hollow  sphere,  to  which  are  joined  two  hollow  cones,  foroiing'  the 
arms  of  the  horizontal  axis.  Those  arms  taper  tovrards  the  ends, 
where  they  terminate^in  two  hollow  cylindiioEil  pivots,  which  rest 
in  angular  bearings  called  Y*s,  ecu;h  supported  on  the  top  of  one  of 
the  standards  of  the  frame.  One  of  these  Y's  has  a  vertical  adjusting 
screw,  for  raising  or  lowering  it  till  the  horizontal  axis  is  truly 
horizontal ;  the  other  has  horizontal  adjusting  screws,  for  shiiting 
it  back  or  forward  until  the  horizontal  axis  is  truly  perpendicular  to 
the  vertical  plane  in  which  the  line  of  collimation  is  intended  to 
move.  There  is  a  moveable  spirit-level  for  placing  the  axis  hori- 
zontal, whose  use  will  presently  be  described 

At  the  common  focus  of  the  object-glass  and  eye-piece   are  a 
set  of  cross- wires  carried  by  a  diaphragm,   which  has  adjusting 
screws  to  move  it  so  as  to  place  the  line  of  collimation  (marjked  by 
the  intersection  of  the  central  pair  of  cross-wires)  exactly  perpen- 
dicular to  the  horizontal  axi&     At   night    the    crass-wires    are 
rendered  visible  by  light  which  enters  from  a  lantern  through 
one  of  the  hollow  pivots  of  the  horizontal  axis,  and  is  reflected 
towards  the  cross- wires  by  a  small  oblique  mirror.     The  strong 
cast-iron  stand  of  the  instrument  rests  on  and  is  screwed  to   a 
smooth  level  stone  slab,  forming  the  top  of  a  massive  stone  or  brick 
pedestal,  built  on  a  firm  foundation.     The  building  which  shelters 
the  instrument  should  be  entirely  disconnected  fi-om  the  pedestal ; 
otherwise  the  vibrations  produced  in  it  by  the  wind  will  be  com- 
municated to  the  instrument 

To  facilitate  the  placing  of  the  instrument  exactly  in  a  given 
alignment,  the  frame  sometimes  rests  on  a  lower  frame,  like  the 
slide-rest  of  a  lathe,  along  which  it  can  be  sUd  sideways  into  the 
ijpquired  position  by  the  action  of  a  screw. 

The  adjustments  of  the  transit  instrument  are  as  follows : — 

(1.)  To  place  the  line  of  collimation  exactly  perpendicylar  to  the 
luyrizontal  aasie. — Direct  the  cross-wires  towards  a  well-defined 
]>oint  in  a  distinct  object;  lift  the* telescope  with  its  axis  out  of  the 
Y*s,  turn  it  over,  so  as  to  reverse  the  position  of  the  axis  end  for 
end,  and  set  it  down  again :  if  the  cross- wires  cover  exactly  tlie 
same  object,  the  adjustment  is  correct ;  if  not,  correct  one-half  of 
the  error  by  the  horizontal  adjusting  screws  of  one  of  the  Y's,  and 
the  other  half  by  the  adjusting  screws  of  the  diaphragm.  Repeat 
the  process  till  the  adjustment  is  perfect. 

(2.)  To  place  tfie  Jiorizonial  oasis  truly  Jtorizontal, — The  sjnrit- 
level  has  two  feet,  which  are  to  be  placed  striding  across  the  tele- 
scope so  as  to  rest  on  the  two  pivots  of  the  horizontal  axis  respec- 
tively. Biing  the  bubble  to  the  middle  of  the  level  by  turning 
the  vertical  adjusting  screw  of  one  of  the  Y's;  reverse  the  position 
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of  the  level  end  for  end :  if  the  bubble  remains  at  the  centre  of  the 
ieTe],  the  adjustment  is  correct;  if  not,  correct  one-half  of  the 
deviation  by  the  vertical  adjusting  screw  of  the  axis,  and  the  other 
half  by  the  adjusting  screw  which  regulates  the  height  of  one  of  the 
feet  of  the  qHiit-leveL  Repeat  the  operation  till  t£e  adjustment  in 
perfect;  and  be  careful  to  remove  the  apirit-level  before  moving 
the  telescope. 

(3.)  To  place  the  plane  of  moiion  of  the  line  of  cottimaiion  exactly 
in  the  verdeal  plane  trofoening  two  distant  etaiione  <U  oppoeite  sides 
of  the  instnanenL 

The  pedestal  is  to  be  built  as  neiM^j  in  the  true  alignment  as 
b  practicable  by  ordinary  methods  of  ranging,  and  the  upper 
Buriace  of  the  flat  stone  which  (onoa  the  top  is  to  be  carefully 
levelled. 

The  tananait  instrument  having  been  set  on  the  pedestal,  and  its 
line  oi  ooUimation  adjusted  perpendicular  to  the  horizontal  axis,  is 
to  be  moved  by  hand  until  the  telescope,  being  turned  alternately 
in  opposite  directions,  points  nearly  towards  the  signals  marking  the 
distant  ends  of  the  line;  observing,  that  when  the  line  of  oolUma- 
tkm  deviates  to  the  same  side  of  both  signals  (for  example,  in  a 
hoe  running  north  and  south,  to  the  east  of  both,  or  to  the  west  of 
both)  such  deviation  is  to  be  corrected  by  shifting  the  stand  side- 
wajTs;  and  that  when  the  line  of  collimation  deviates  to  opposite 
ddes  of  the  signals  (for  example,  to  the  east  of  one,  and  to  the  west 
of  the  other)  such  deviation  is  to  be  corrected  by  turning  the 
fiand  as  if  about  a  vertical  axis.  This  is  the  first  approximation 
to  adjustment.  A  second  approximation  is  made  in  the  same 
manner,  after  having  levelled  the  horizontal  axis;  and  then  the 
places  are  marked  for  the  screw  sockets.  The  instrument  having 
been  removed,  the  holes  for  those  sockets  are  to  be  cut,  and  the 
sockets  fixed  in  them  with  lead. 

The  instrument  is  then  replaced,  and  approximately  adjusted  as 
before,  and  the  screws  for  fixLog  it  to  the  pedestal  are  inserted,  but 
not  tightened.  The  instrument  is  finally  adjusted  by  the  aid  of 
the  horizontal  adjusting  screws  of  the  horizontal  axis,  and  the 
fixing  screws  are  tightened.* 

63.  Saactas  wmA  gctttnig  mms  OnrrM^ — ^The  curved  parts  of  rail- 
ways require  to  be  set  out  with  great  precision.  The  form  almost 
universally  adopted  for  them  is  that  of  circular  arcs,  though  in  a 
few  instances  other  forms,  such  as  that  of  the  parabola,  have  been 
used.  There  are  reasons  for  thinking  that  the  best  form,  in  a 
mechanical  point  of  view,  is  that  called  the  "elastic  curve,"  which 
a  spring  of  uniform  transverse  section  takes  when  bent;  but  the 

*  Ample  dstaila  on  this  salject  ora  given  In  Ur.  Siinms's  work  On  Practioal 
TfumeUutQf 
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great  difficulty  of  aettiBg  it  out  accurately  has  prevented  its  bein| 
used  The  only  methods  which  will  be  described  here  are  three  oi 
those  of  setting  out  circular  curves — ^the  method  by  angles — tli< 
method  by  ofi&ets — and  the  method  by  bisections  of  arcs. 

Method  I. — SetHng-out  Circular  Curves  by  Angles  <U  the  Cir^ 
conference. — ^This  is  the  only  method  by  which  drcular  curves  c&n 
be  set  out  at  once  as  quickly  and  as  accurately  as  straight  lines.  ^ 

It  depends  on  the  well-known  principle, 
that  the  angle  subtended  by  any  arc  oj 
a  circle  at  any  point  in  the  drcumference 
of  the  same  circle,  is  one-half  of  the  an^le 
subtended  by  the  same  arc  at  the  centre 
of  the  circle.  For  example,  in  ^g,  48, 
A  B  is  an  arc  of  a  circle,  C  a  point  in 
the  circumference  of  the  same  circle  lying 
beyond  the  arc.  The  angle  A  G  H  is 
'^  one-half  of  the  angle  subtended  by  ^  !B 

at  the  centre  of  the  circle.  When  the  point  at  which  the  angle  is 
measured  lies  upon  the  arc,  as  at  £,  it  is  the  angle  B  £  F  =  A  £  G, 
between  the  line  drawn  from  one  end  of  the  arc  and  the  prolonga- 
tion of  the  line  from  the  other  end,  that  is  equal  to  half  the  angle 
at  the  centre  of  the  circle.  When  the  point  at  which  the  angle  is 
measured  is  one  of  the  ends  of  the  arc,  as  A,  it  is  the  angle  DAB, 
between  the  tangent  of  the  arc  and  its  chord,  that  has  the  same 
property. 

To  express  this  by  a  formula ;  let  a  denote  the  length  of  the  arc, 
r  the  radius  of  the  circle ;  then —  , 

Angle  cU  the  circumference  in  minutes 
,ACB  =  FEB  =  DAB  =  ^°g^^^^^^^^"^^^ 

=  1718''873^  (1.) 

r  ^   ^ 

(The  co-efficient  is  the  value  in  minutes  of  one  half  of  the  arc  equal 
to  mdius;  see  p.  37.)  t 

*  Tills  method  of  settiug-out  cun-es  by  angles  was  published  for  the  first  time  in  a 
pafier  read  to  the  Institution  of  Civil  Engineers  on  the  14th  of  March,  1843,  bj  the 
author  of  this  worlc,  who  had  first  practised  it  in  1841.  Methods  of  setting-out 
curves  by  the  theodolite  had  previou^y  been  employed  by  Captain  Vetch  and  Mr. 
Gravatt,  but  they  have  never,  so  far  as  the  author  knows,  been  published. 

t  American  engineers  describe  the  sharpness  of  carves  by  stating  the  number  at 
degrees  in  the  angle  subtended  at  the  centre  by  an  arc  of  iOO  feet  in  length,  wliich 
allele  they  call  the  **  angle  of  deflection.**    Its  value  is 

Angle  of  defleclioit in  dcgiees ..     .    .- ; 

**  ^  radiu*  111  foet 
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In  applying  that  principle  to  praciioe,  the  best  injvtmment  is  a 
8ij(-inch  transit  theodolite,  which  will  range  the  positions  of  poles  at 
the  distance  of  half  a  mile  to  the  aocuracj  of  an  inch  and  a-hal£ 
Witii  a  smaller  instrument, 
the  distances  must  be  shorter, 
or  the  precision  lesSb 

Pboblbk  Fdust. — To  set 
out  a  circular  curve  touching 
two  given  stndght  lines,  when 
the  point  of  intersection  of 
those  stndght  lines  is  aooes- 
sibleL 

In  fig.  49,  let  B  A,  C  A,  be 
the  two  straight  lines,  inter- 
secting in  A.    Setthetheodo-    '  Fig.  49. 
lite  at  A,  and  measure  the 

angle  there,  which  denote  by  A;  then  lay  off  the  two  equal  tan- 
gents, A  B,  A  O,  as  calculated  by  the  following  formula  (in  which  r 
is  the  intended  radius  of  the  curve): — 

AB  =  AC  =  r-cotan'|'; (2.) 

and  B  and  C  will  be  the  ends  of  the  curve,  where  it  touches  the 
straight  lines. 

It  is  convenient  (though  not  always  necessary)  to  find  the  middle 
point  of  the  curve.  For  that  purpose,  range,  by  means  of  the 
theodolite,  the  line  A  D  bisecting  the  angte  at  A  j  and  lay  off  the 
distance, — 


AD  =  r-(coeecA-.lV (3.) 


then  win  D  be  the  middle  point  of  the  curve. 

The  points  B  and  C  (and  also  D,  if  marked)  should  be  marked 
by  stakes  distinguished  in  some  way  from  the  ordinary  stakes  which 
are  driven  all  along  the  centre  line  at  equal  distanaes  of  one  chain, 
or  100  feet,  or  some  other  distance. 

and  oooTenely— 

6729-6 


Badlw  in  liiet 


Angle  of  deflection  in  degreeB* 


A  eune  is  celled  a  "ane-dcgrae  eurvei**  a  "two-degree  carve,"  and  so  on,  according 

to  Ua  angle  of  deflection.    Heooe^ 

A  ** one-degree    corve"  meana  a  curve  of  5729*6  feet  radius; 
a  ** two-degree   carve"     —         —         2864«8  —     — 
a  ''tline-degreeeanre"    —        —        1909*9  —     ^ 

and  so  on. 


104  EKQINBEBING  GEODESY. 

The  total  length  of  the  carve  is  fonnd  by  the  formula^ 

Arc  B  C  =  '0002909  r  x  supplement  of  A  in  minutes.... (4.) 

Any  one  of  the  points,  B,  C,  or  D,  will  answer  as  a  station  for 
the  theodolite  in  ranging  the  curve.  The  commencement  of  the 
curve,  B,  is  the  station  that  involves  the  simplest  operations;  bnt 
when  the  length  of  the  curve  exceeds  about  half  a  mile,  the  middle 
point,  D,  is  the  best  station  as  regards  accuracy  and  convenience. 

The  following  is  the  process  of  ranging  the  curve  with  the  theo- 
dolite planted  at  its  commencement,  B : — 

For  brevity's  sake,  the  distance  between  the  stakes  which  mark 
the  centre  line  of  the  proposed  railway  will  be  called  "  a  Cham^'* 
whether  it  is  66  feet,  100  feet,  or  a  greater  distance. 

Let  o,  in  fig  49,  represent  the  last  stake  in  the  portion  of  the 
straight  line  immediately  preceding  the  curve;  the  distance  B  1 
from  the  commencement  of  the  curve  to  the  first  stake  in  it  will  be 
the  difference  between  one  chain  and  o  B.  The  angle  at  the  cir- 
cumference subtended  by  the  arc  Bl  having  been  calculated  by 
equation  1,  is  to  be  laid  off  by  the  theodolite  from  the  tangent 
B  A,  the  zero-point  of  the  azimuth  circle  being  directed  towards  A. 
The  line  of  colUmation  will  then  point  in  the  proper  direction  for 
the  fii'st  stake  in  the  curve,  1;  and  its  proper  distance  from  B  being 
laid  off  by  means  of  the  chain,  its  position  will  be  determined  at 
once. 

The  angles  at  the  circumference  subtended  by  B  1  + 1  chain, 
B  1  4-  2  chains,  B 1  4-  3  chains,  ^,  being  also  calculated,  and  laid 
off  from  the  tangent  B  A  in  succession,  will  respectively  give  the 
proper  directions  for  the  ensuing  stakes,  2,  3,  4,  &c.,  which  are 
at  tiie  same  time  to  be  placed  successively  at  uniform  distances  of 
one  chain  by  means  of  the  chain. 

The  difference  between  an  arc  of  one  chain  and  its  chord,  on  any 
curve  which  usually  occurs  on  railways,  is  in  general  too  small  to 
cause  any  perceptible  error  in  practice,'  even  in  a  very  long  distance ; 
but  shoiild  curves  occur  of  unusually  short  radii,  it  is  easy  to  calcu- 
late the  proper  chord,  and  set  it  off  from  each  stake  to  the  next, 
instead  of  one  chain,  the  length  of  the  arc.  For  this  purpose,  the 
following  approximate  formula  is  usefuL  Let  r  be  the  radius,  a  the 
ai*c,  and  c  the  chord;  then — 


=  «(l-24^)°««-ly.   (5.) 


When  the  curve  is  ranged  with  the  theodolite  at  D,  or  at  any 
other  intermediate  point  in  the  curve,  or  at  its  termination  0,  the 
process  is  preciaely  the  same,  except  that  the  zero-point  of  the 
azimuth  circle  is  to  be  turned  towards  B  instead  of  A;  and  tliat 
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vrhea  tlie  cbain  passes  the  theodolite  station  (for  example,  in  going 
from  stake  4  to  stake  5  in  fig.  49,  with  the  theodolite  at  D),  the 
telescope  is  to  be  turned  completely  over. 

When  the  inequalities  of  the  ground  make  it  impossible  to  range 
the  entire  curve  from  the  stations  B,  D,  and  C,  any  stake  which  has 
aheady  been  placed  in  a  commanding  position  will  answer  as  a 
station  for  the  theodolite. 

The  stakes  or  poles,  after  having  been  ranged  by  the  theodolite, 
should  have  their  positious  finally  checked  and  adjusted  by  a 
modification  of  the  method  of  ofi&ets,  which  will  afterwards  be 
explained. 

PfiOBLEM  Second. — To  set  out  a  circular  curve,  touching  two 
given  straight  lines,  when  the  point  of  intersection  of  those  lines  is 
inaccessible. 

In  fig.  50,  the  lines  to  be  chained  on 
the  ground  are  represented  by  full  lines ; 
thone  whose  lengths  are  to  be  calculated 
only  are  dotted. 

Let  B  A,  O  A,  be  the  two  straight 
lines,  meeting  at  the  inaccessible  point 
A  Chain  a  straight  line  D  E  upon 
accessible  ground,  so  as  to  connect  those 
two  tangents.  The  position  of  the  tran^' 
vermd  D  IS  is  arbitrary;  but  it  is  conve-  ^S«  ^0. 

nient  so  to  place  it  that  it  will  cut  the  proposed  curve  in  two  points, 
which  may  be  determined,  and  used  as  theodolite  stations. 

Measure  the  angles  B  D  E,  D  £  C,  which  may  be  denoted  by  D 
and  £.     Then  the  angle  at  A  is 

A  =  D4.E-180*'; (6.) 

AD  =  DE-"— r;  AE  =  DE'-r— p; (7.) 

smA'  sm  A  ^   ' 

A  A 

DB^r-cotany-AD;  E  0  =  rootan  -  -A  E; ...  (8.) 

and  by  laying  off  the  distances  D  B  and  E  C  as  thus  calculated,  the 
ends  of  the  curve  B  and  C  are  marked,  and  it  can  be  ranged  fix>m 
^ther  of  those  stations  as  in  Problem  First. 

But  it  is  often  couYenient  to  have  intermediate  points  in  tho 
curve  for  theodolite  stations;  and  of  those  the  points  of  intersec- 
tion with  the  transversal,  H  and  K,  and  the  point  G,  midway 
between  these,  can  easily  be  found  by  the  following  calculations,  in 
making  which  a  table  of  squares  is  useful 

Let  f  be  the  point  on  the  transversal  midway  between  H  and  K. 
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If  B  D  =  C  £,  the  point  F  is  at  the  middle  of  D  K  If  B  D  avxc 
C  E  are  unequal^  let  B  D  be  the  greater ;  then  the  position  o£  F  i: 
given  bj  either  of  the  two  following  formulse  : — 

"*=-2    +— 2I)E~'  *^*^  =  -2 ^2DE~"-"™> 

The  points  H  and  K  are  at  equal  distances  on  each  side  of  F, 
given  bj  either  of  the  following  expressions : — 

^(DF«  +  EF«-BD«-CE«)  .,^. 

= ;j2 ^^"-^ 

The  equations  9  and  10  are  deduced  fix>m  the  two  follo^ng*, 
which  may  be  used  in  order  to  check  the  calculations,  and  are  given 
in  a  form  suitable  for  the  use  of  a  table  of  squares: — 


E  C«=E  H  •  E  K  =<^^5iM2z(=HzBK^. 

4 


J 


(11.) 


The  point  G  in  the  curve  is  found  by  setting  off  the  ordinate 
r  G  perpendicular  to  D  E,  of  the  following  length: — 

FG  =  r-  ^r«-FH« (12). 

The  angles  subtended  at  the  eenlre  of  the  curve  by  the  several  arcs 
between  the  commencement  B  and  the  points  H,  G,  K,  0,  are  as 

follows: — 

FH  ' 

Anglesubtended  at  thecentreby  BH  =  1 80**  —  D  -  arc  •  sin  — ; 

—  —        —        —         BG=180**~D; 

FH    K13.) 
~        —        —        —        BK  =  180^-D  +  arc-8in^-  ^^     ' 

r 

—  —        —        —      BC  =  180"-.A  =  360*'~D-E; 

and  the  length  of  any  one  of  those  arcs  may  be  computed  by  means 
of  the  formula, 

Axo  =  *  0002909  r  x  angle  at  centre  in  minutes.  ...  (14.) 
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The  UBe  of  sach  oomputations  will  appear  in  the  next  problem. 

Cases  may  occur  in  which  obetaclee  upon  the  ground  render  it 
uecesaaiy  to  make  one  or  both  of  the  ends  of  the  transversal  D  £ 
meet  ths  straight  tangents  beyond  the  ends  of  the  curva  The 
wh<^  of  the  formuhe  already  given  continue  to  be  applicable,  with 
odIj  the  fullowing  modifications. 

When  D  lies  further  from  A  than  B  does,  D  B  is  negative  in  the 

first  of  the  equations  8 — ^that  is,  A  D  is  greater  than  r  *  ootan  -^  ; 

and  the  point  H,  as  found  by  means  of  equation  10,  lies,  not  on 
the  arc  to  be  ranged,  but  on  the  continuation  of  the  same  circle 
br^voMi  B. 

Wh&k  E  lies  further  from  A  than  C  does,  £  C  is  negative  in  the 
stcond  of  the  equations  8 — that  is,  A  £  is  greater  than  r  *  cotau 

A 

^  ;  and  the  point  K,  as  found  by  means  of  equation  10,  lies,  not 

00  the  arc  to  be  ranged,  but  on  the  continuation  of  the  same  circle 
beyond  C. 

The  point  G  always  lies  on  the  arc  to  be  ranged.  The  longer 
the  ordinate  F  G  is,  the  more  carefully  must  it  be  set  off  at  right 
aagles  to  the  transversal 

?BOBLEM  Thibp. — ^To  sct  out  a  circular  curve  touching  two  given 
stnight  lines,  when  part  of  the  curve  is  inaccessible  to  the  chain. 

If  the  point  of  intenection  of  the  tangents  is  accessible,  the  two 
ends  of  the  curve  are  to  be  determined  and  marked  as  in  Problem 
first,  and  also  the  middle  point  of  the  curve,  unless  it  lies  on  the 
iDsooesBible  ground ;  and  the  length  of  the  curve  is  to  be  computed 
hj  equation  4. 

If  the  point  of  intersection  of  the  tangents  is  inaccessible,  the 
two  ends  of  the  curve,  and  at  least  one  intermediate  point,  are  to 
be  determined  and  marked  by  the  aid  of  a  transversal,  as  in  Problem 
Second,  and  the  lengths  of  ^e  arcs  bounded  by  those  points  are  to 
he  computed  by  the  formulae  13  and  14. 

A  transversal  may  be  useful  even  when  the  point  of  intersection 
of  the  tangents  is  accessible. 

Esch  of  the  points  thus  marked  will  serve  either  as  a  theodolite 
station,  or  as  a  station  to  chain  fix>m,  or  for  both  purposes ;  and  the 
stakes  lying  between  the  obstacle  and  the  next  station  beyond  it 
are  to  be  planted  by  chaining  backwards  fix>m  that  station. 

Suppose,  for  example,  that  the  commencement  of  the  curve  (B), 
lies  at  2i3  chains  60  links  from  the  commencement  of  the  line,  or 
**peg  0."  The  first  stake  in  the  curve  will  be  40  links  from  B» 
and  wifl  be  **  peg  244."  Now,  suppose  that  pegs  245  and  246  can 
he  pknted  by  chaining  forwards,  but  that  an  obstacle  occurs  in  the 


r      t 
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course  of  the  next  chain.  Let  G  denote  a  station  in  the  cur\'6 
beyond  the  obstacle,  found  by  means  of  a  transversal  or  other^nrisey 
and  let  the  arc  B  G,  computed  by  the  proper  formula,  be  6  chains 
20  links.  Then  G  is  243  •  60  +  6  •  20  =  249  chains  80  links  from 
<<peg  0,"  and  lies  between  peg  249  and  peg  250.  Peg  249  is 
planted  by  chaining  backwards  80  links  from  G,  and  pegs  ^^  and 
247  by  continuing  to  chain  backwards.  Peg  250  is  planted  by 
chaining  forwards  20  links  from  G,  and  pegs  251,  iSec,  by  continu- 
ing to  chain  forwards.  The  ranging  of  the  angular  directions  of 
the  stakes  from  a  theodolite  station  presents  no  peculiarity. 

u  g.  Method  11. — SetHng--<nuGircularCurves 

B  ^^sJ^no    — Sf^       lnfig.51,letAC,CE,EG,bea  series 
/^^T^  of  equal  or  unequal  chords  inscribed  in  a 

circle.     Produce  A  0,  to  D,  making  C  D 
C  E ;  join  D  K     The  distance  J>    £ 
is  called  the  "qj^y"  and  its  value  is 
^-  ^^  almost  exactly 

I>E  =  ^l^. (15.) 

Let  C  E  and  E  G  be  two  ^qual  chords;  then  the  offset  is 

FG=^, (16.) 

If  A  B  is  a  tangent  to  the  curve  at  A,  and  C  B  a  perpendicular 
let  fall  upon  it  from  0^  that  perpendicular,  being  the  offset  from,  tJ%e 
tCKUferUy  is 

A  C* 
BC=^ (17.) 

Problem  Fourth. — ^To  set  out  a  circular  curve  by  offsets,  cam- 
mencing  at  a  given  point  on  a  straight  line  (fig.  51). 

Let  A  be  the  commencement  of  the  curve,  found  as  in  Problem 
First,  and  marked  with  a  pole;  A  B  the  prolongation  of  .the  straight 
line  (being  a  tangent  to  the  curve),  and  B  the  end  of  the  chain  when 
laid  along  that  prolongation  from  the  last  stake  in  the  straight  line. 
Plant  a  small  pole  at  B,  calculate  the  offset  B  C  by  equation  17, 
shift  the  end  of  the  chain,  and  the  pole  along  with  it,  sideways  from 
B  to  0,  keeping  the  chain  tight,  and  leave  the  pole  at  C. 

Drag  the  chain  onward  in  the  prolongation  of  A  C ;  range  a  pole 
at  D  in  a  straight  line  with  A  and  C,  and  at  one  chain's  distance 
from  0 ;  shift  the  pole  and  the  end  of  the  chain  through  the  o£^t 
D  £,  calculated  by  equation  15. 
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Dmg  the  cLain  onmiTd;  range  a  pole  at  F  in  a  straight  line 
irith  O  and  £,  and  at  one  chain*8  distance  from  E ;  shift  the  pole 
and  the  end  of  the  chain  through  the  offset  F  G,  calculated  hj 
equation  16;  leave  the  pole  at  G,  and  so  on. 

If  this  process  could  be  performed  with  absolute  precision,  the 
curve  would  terminate  by  exactly  touching  the  further  tangent 
at  the  point  of  contact  found  as  in  Problem  First  But  this  never 
takes  place  at  the  first  trial,  except  by  accident;  for  any  small 
iittccuiacy  in  laying  off  the  ofEset  produces  an  error  in  the  position 
of  each  stake,  increasing  nearly  as  the  square  of  the  distance  from 
the  oommencement  of  the  curva  If  the  final  error  is  considerable, 
the  curve  must  be  ranged  over  again,  until  by  successive  trials  the 
final  error  has  been  reduced  to  one  not  exceeding  about  ten  links ; 
then  the  positions  of  the  stakes  are  to  be  finally  adjusted  by 
chaining  rotind  the  curve  once'  more,  and  shifting  each  stake 
aickways  through  a  distance  proportional  to  the  squai^e  of  its 
distance  from  the  commencement  of  the  curva 

Although  this  method  is  clumsy  and  tedious  as  a  means  of 
ranging  carves,  it  is  veiy  useful  for  testing  the  uniformity  of 
cmrature  of  curves  already  ranged,  and  for  rectifying  the  jioaitionH 
of  individual  stakes  to  the  extent  of  an  inch  or  two. 

Methoi>  IIL — PROBLBM  FiFTH. — To  9et  out  a  circular  curve  hy 
fufoeams  bisections  of  a/res. 

This  18  a  method  to  be  used  only  in  the  absence  of  angular 
inrtruments.  It  depends  on  the  following  relation  between  the 
Teraed  sine  of  an  angle  B  and  that  of  its  hidf ; 


B       1      A  /i       versin  B  ,, « v 


Tersm  ^ 

To  apply  this  principle, let  B  A, 
C  A,  in  fig.  52,  be  the  two  tan- 
gents, and  B  and  C  the  ends  of 
the  curve,  so  placed  that  A  B  and 
A  0  shall  be  equal,  but  leaving 
the  ndius  to  be  found  by  calcula- 
tion.   Measure  the  chord  B  C.  ^  ^^• 

Then  the  simplest  process  for  finding  the  radius  is  to  use  tho 
following  formula : — 

A^^BC 

"•^Va^^^' ^''"^ 

but  aa  the  triangle  A  B  C  is  in  general   "  ill-conditioned,"  it  is 
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more  accurate,  though  more  laborious,  to  bisect  B  C  in  E,  measixre 
A  E^  and  make 

ABBE  ,,o     ^ 

'■  =  -AE— (^^^> 

Calculate  the  versed  sine  of  the  angle  A  B  E=  B,  which  is  tttsLt 
subtended  at  the  centre  bj  one-half  of  the  curve,  as  follows : — 

versm  B  = ^-^^ —  > V^^-/ 

and  hy  means  of  equation  18  (using  a  table  of  squares,  if  one  is  a.t 

B  B  B 
hand)  calculate  the  versed  sines  of  -^,  -?-,  q,  &c,  in  successioii, 

observing  that  versin  B  enables  one  intermediate  point  in   the 

B  B 

curve  to  be  found,  versin  -^,  three  points,  versin  -j,  seven  points ; 

B 

and    generally,  that  versin    ^  enables  2*  +  *  —  1  intermediate 

points  in  the  curve  to  be  found. 

From  the  middle  E  of  the  chord  B  0  and  perpendicular  to  it, 
lay  off  the  offset  E  D  =  r  versin  B;  D  will  be  the  middle  point  of 
the  curve. 

Chain  and  bisect  the  chords  B  D,  D  C,  and  from  their  middle 
points  and  perpendicular  to  them,  lay  off  the  ofi^ts 

H  K  =  I  L  =  r  versin  ?; (21.) 

K  and  L  wiU  be  points  in  the  curve,  midway  respectively  between 
B  and  D,  and  bBtween  D  and  C;  and  so  on  until  a  sufficient 
mimber  of  points  have  been  marked  by  poles. 

Then  chain  round  the  curve  as  ranged  by  the  poles,  and  drive 
stakes  at  equal  distances  apart. 

The  imilarmity  of  the  curvature  may  be  finally  checked  by 
Method  II. 

64.  Nicktav-«"t  the  centre  line  of  a  proposed  work  consists  in 
cutting  a  small  trench  about  six  inches  wide,  to  mark  the  centt-e 
line  in  the  intervals  between  the  stakes.  The  surface  of  the 
ground  ought  to  be  left  undisturbed  for  a  short  distance  on  each 
side  of  each  stake. 

Where  the  centre  line  crosses  fences  and  buildings,  it  should  be 
distinctly  marked  by  notches  or  grooves. 

65.  Fcrauuieat  narks  •f  the  Ume  Mi4  Eievels  are  usually  stakes 
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d  larger  dineiusioos  than  tbose  which  mark  the  centre  line,  and 
plued  30  &r  to  either  aide  of  it  that  there  is  no  risk  of  their 
tpcrng  disturbed  dnrin^  the  progress  of  the  work,  by  which  the 
-^aubonlJie  centre  line  itaelT  are  oblitemted. 

The  pkees  where  permanent  marks  of  the  course  of  the  line  are 
^liefly  required  are  on  the  tangents  of  curves, — their  distances  from 
i^e  ends  of  the  carres  being  noted,  so  as  to  enable  both  the  curves 
2^  tlie  straight  lines  "which  connect  them  to  be  ranged  over  again 
^  any  time.  Any  importajit  point  on  a  curved  or  straight  part 
4i  the  centre  line  may  \>e  pernnanently  marked  by  driving  two 
stakes  in  a  straight  line  passing  through  it,  one  at  each  side  of  the 
j9te  of  tibe  work,  and  noting  its  distances  from  them,  or  by  any  of 
ike  mans  described  in  the  second  paragraph  of  Article  21,  p.  17. 

Stakes  to  be  naed  as  permanent  bench  marks  for  the  levels  of 
^e  wnk  axe  about  three  or  fonr  feet  long,  and  four  inches  square, 
hooped  round  the  top  ^with  iron  to  prevent  the  head  from  being 
cmshed.  One  of  the  best  -ways  to  form  a  firm  surface  for  the  staff 
to  rest  on  is  to  drive  into  the  head  of  the  stake  a  long  iron  spike 
*vi&  a  large  convex^  head;  the  uppermost  point  of  the  convex 
aoi&oe  of  that  head  is  the  bench  mark.  Such  marks  are  to  be 
placed  near  the  iites  of  all  proposed  pieces  of  masonry,  and  other 
stmctarea  of  importance,  and  near  the  ends  of  cuttings  and 
embankments ;  and  opposite  points  where  the  rate  of  inclination  or 

^roSSuad  of  a  proposed  railway  is  to  change. 

As  soon  as  any  piece  of  masonry  has  been  built  high  enough, 

one  or  more  bench  ntxarks  should  be  made  on  the  masonry  itself,  to 

regulate  the  levels  to  which  the  remainder  of  the  structure  is  to  be 

hunt. 

66.  WfltkiBs  %%.tXkmm  ud  Iievt4-B«*li.— The  nature  of  a  working 
section  has  aheady  been  explained  generally  in  Article  11,  Division 
XlV^  p.  11,  and  in  Article  16,  p.  15.  The  levels  taken,  in  order 
to  prepare  it,  consist  for  the  most  part  of  those  of  the  stakes  planted 
to  mark  the  centre  line,  which  are  driven  until  their  heads  are 
fln^  with  the  groimd.  Should  any  inequality  of  the  ground  occur 
between  two  stakes,  enough  of  additional  levels  and  distances  must 
be  taken  to  enable  an  exact  vertical  section  of  it  to  be  plotted ;  and 
the  levels  of  every  line  of  communication  and  other  important 
object  must  be  taken  where  it  is  crossed  by  the  centre  line.  The 
level  of  every  stake,  and  of  every  line  of  communication  crossed,  is 
to  he  taken  twice  over. 

As  to  scales  for  working  sections,  see  p.  7. 

(7ragg  Sections  have  alr^y  been  referred  to  in  Article  60,  p.  97. 

When  the  ground  is  uneven  sideways,  they  may  be  required  at 

each  staka     In  general,  they  should  be  ranged  accurately  at  right 

smgl^  to  the  centre  line,  and  should  be  plotted  without  exaggera- 
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tion ;  their  vertical  and  honzontal  scales  being  the  same  with  the 

vertical  scale  of  the  longitudinal  section.    All  cross  sections  should  be 

plotted  as  seen  by  lookingybrtootrc^  towards  them  along  the  centre  line. 

The  iieTel-B««k  of  the  working  section  of  a  line  of  oommunica* 

tion  is  a  book  containing  a  complete  statement  of  the  levels  of  the 

ground  and  of  the  intended  work,  and  of  other  information  which 

will  presently  be  specified.     Each  folio  of  the  book  is  divided  into 

several  columns,  whose  number,  arrangement,  and  contents  differ 

in  the  practice  of  different  engineers.     The  following  statement  of 

the  contents  of  the  several  columns  of  a  level-book  may  be  taken  as 

an  example.     It  is  specially  adapted  to  a  railway,  but  may  be 

made,  by  slight  modifications,  to  suit  other  kinds  of  works:  — 

Column  1.  Numbers  of  the  stakes  planted  at  equal  intervals  of 

66  feet,  100  feet,  300  feet,  or  some  other  distance 

along  the  centre  line.     The  stake  at  which  the  line 

commences  is  numbered  0. 

.  Column  2.  Distances  from  the  commencement  of  the  section,  in 

links  or  feet,  as  the  case  may  be. 
Column  3.  Descriptions  of  objects  between  the  equidistant  stakes, 
such  as  fences,  streams,  roads,  canals,  railways,  in- 
termediate stakes  at  ends  of  curves,  &c. 
Column  4.  Levels  of  the  ground  at  the  stakes,  and  between  them 

when  necessary,  and  of  bench  marks. 
Column  5.  Intended  level  of  the  upper  sur&oe  of  the  railway  (or 

other  proposed  work.) 

Column  6.  Formation  levd  (that  is,  level  of  the  ground  when 

prepared   by  excavation  or  embankment  fen*  the 

completion  of  the  work). 

Column  7.  Depths  of  cutting,  1  as  calculated  by  taking  the  differ- 

Column  8.  Heights  of  embank-  >  ences  between  the  numbers   in 

ment,  j  column  4  and  colunm  6. 

C  \         10  I  ^^^  ^^  lateral  slope  of  the  ground,  if  any,  to  the 

I    '  lit  r  ^^  ^^^  centre  line,  specifying  whether  it 

rises  or  falls  from  the  centre  lina  If  the  slope  of 
the  ground  is  irregular,  reference  may  be  made  to  a 
cross  section. 

Column  12  I  ^^®^*^  ^^  ^<^  required  for  works  only  (exclu- 
sive of  fences)  to  the  <    •  i^j.  ^  of  the  centi«  line 

These  are  called  ^'half-hreadths.*^  The  method  of 
calculating  them  will  be  described  under  the  head  of 
Eabthwobk,  in  the  sequel* 


SBTTIKO-OOT  W0BX8.  113 

S^  \l}  TUal  hal/^^recidA,  to  the  {^^}of  the  oentw 

line,  found  by  adding  the  intended  breadth  of  the 
fencing  to  the  half-breadths  in  oolumns  11  and  12. 
Colmnn.  15.  Angles  at  which  streams^   roadsy  canak,   railwajs, 
Aa,  croeB  the  centre  line,  stating  (if  the  angles  are 
oblique)  whether  the  acute  angle  lies  to  the  l^  or 
right  of  the  centre  line  looking  forwards. 
Column  16.  Bemarks: — Comprising  poaitionsof  permanent  maiks, 
rates  of  inclination  or  gradients,  radii  of  curves, 
spans  and  head-room  of  bridges,  tunnels,  and  arches 
of  viaducts,  alterations  of  level  of  eidsting  lines  of 
eonmiunication,  &c., — ^the  whole  accompanied  by  a 
sketch  of  the  working  section. 
When  an  existing  line  of  communication  is  to  be  altered  in  posi- 
tion or  level  for  the  purposes  of  the  proposed  work,  a  working  section 
of  the  works  required  for  such  altered  line  should  be  prepared  in  the 
ame  manner  with  that  of  the  principal  work,  and  its  description 
inserted  in  the  level-book. 

67.  ««sii«»««t  gi»pM  mmA  nw^mMkm  m€  ImmA  (already  referred  to 
in  Article  11,  p.  11)  is  performed  by  laying  off  the  half-breadthi 
of  the  work  and  the  total  half-brecuUfis,  as  calc^ted,  exactly  at  right 
angles  to  the  centre  line,  marking  their  ends  with  stidkes,  and 
sometimes  also  nicking  out  lines  so  as  to  connect  those  stakes,  and 
fbofw  the  boundaries  of  the  earthwork  and  the  boundaries  of  the 
bad  to  be  occupied  respectively.  A  temporary  fence  is  made^  as 
aoon  as  possible,  along  the  outer  of  those  boundaries. 

The  Mjmm^Wimmm  (leferred  to  in  the  same  page)  are  prepared  by 
plotting  the  total  half-breadths  on  the  plan  of  the  working  survey, 
drawing  the  boundaries  of  the  pieces  of  land  required  for  the  work, 
and  making  separate  copies  or  tracings  of  them,  to  be  used  in 
dealing  with  the  owners  and  occupiera 

SS,  yiiMMMft  Harfu  •r  Mtw  •#  w«rkii  are  stakes  planted  on 
nearly  the  same  principle  with  those  already  described  in  Article 
65  for  marking  points  on  the  centre  line.  For  example,  suppose 
that  the  work  to  be  set-out  is  a  bridge,  consisting  principally  of  two 
abutments  which  support  an  arch  or  a  platform.  The  principal 
points,  npon  which  the  positions  of  all  other  points  in  the  bridge 
depend,  are  the  four  comers  of  its  abutments.  To  enable  the 
positions  of  those  comers  to  be  found  at  any  time,  plant  four  stakes 
in  the  prolongations  of  the  faces  of  the  two  abutments,  at  known 
distances  firom  the  four  comers,  and  sufficiently  &x  from  them 
to  be  clear  of  the  work. 

69.  In  flmlii^  lat  li«v«li  •€  BxcsvatiMis  the  engineer  causes 
stakes  to  be  driven,  whose  heads  are  at  the  intended  formation-leveL 

I 
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To  plant  a  stake  at  a  giveu  level,  the  staff  is  to  be  lield  njion  the 
nearest  bench  mark,  and  read;  the  difference  between  the  lervd  of 
that  bench  mark  and  that  of  the  new  stake  to  be  driven,  is  to  be 
added  to  the  reading  of  the  staff,  if  that  stake  is  to  be  lo^w^er  than 
the  bench  mark, — subtracted,  if  it  is  to  be  higher.  This  ^ves  the 
height  which  will  be  read  upon  the  staff  at  the  new  stake,  inrhen 
that  stake  has  been  driven  to  the  proper  depth. 

Two  such  stakes,  being  diiven  at  fifty  feet  apart  or  therealx>ut3, 
inf  the  centre  line,  near  the  commencement  of  a  proposed  cutting, 
enable  the  excavators  to  carry  on  the  cutting  at  the  proper  level 
and  rate  of  inclination  for  some  distance,  by  the  operation  caiUed 
"  honing^  which  consists  in  ranging  a  line  of  uniform  inclin&tion 
from  two  given  points  in  it,  with  T-shaped  instruments  called 
'*  boning-rod&"     Each  of  these  consists  of  an  upright  staff,  h&ving 
a  cross-bar  at  right  angles  to  it  at  the  top:  all  the  boning-rods 
belonging  to  one  set  ought  to  be  exactly  of  the  same  height.       To 
range  or  ''bone"  the  bottom  of  a  cutting  with  them  from  two  giiven 
stakes,  two  of  the  rods  are  to  be  held  upright  on  the  heads  of  the 
two  stakes,  and  a  third  held  upright  at  any  point  in  the  cutting 
which  is  in  the  same  straight  line  with  the  stakes;  when,  if  the 
bottom  of  the  cutting  is  at  the  true  foimation  level,  the  tops  of  the 
three  rods  will  be  in  one  straight  line.     In  this  manner  the  cutting 
is  carried  forward  at  an  uniform  rate  of  inclination,  until    the 
engineer  thinks  it  advisable  to  plant  a  new  pair  of  stakes  by  the 
level  and  staff  near  its  inner  end,  from  which  the  boning  goes  on 
as  before. 

70.  Bangtail  mMk  Scittag— i  Tvaaeia. — The  centre  line  of  a 
tunnel  having  been  at  first  ranged  on  the  surface  of  the  ground,  in 
the  manner  already  described,  a  row  of  shafts  are  sunk  in  con> 
venient  positions  along  that  line. 

In  order  to  range  the  line  below  ground,  it  is  necessary  to  have 
two  marks  in  the  centre  line  at  the  bottom  of  each  shaft,  as  iar 
asunder  as  possible,  to  enable  that  lijie  to  be  prolonged  from  the 
bottom  of  die  shaft  in  both  directions  Those  marks  consist  of 
nails  or  spikes  driven  into  the  cross-timbers. 

The  former  practice  was  to  determine  the  positions  of  those 
marks  below  ground,  by  erecting  over  the  shaft  a  timber  frame, 
from  which  two  plumb-Unes  were  suspended,  hanging  nearly  to  the 
bottom  of  the  shaft,  and  to  range  those  plumb-lines  by  the  transit 
instrument ;  but  as  that  process  is  difficult  or  impossible  in  windy 
weather,  Mr.  Bimms  introduced  the  following  improved  method : — ^* 
The  engineer  ranges,  by  the  transit  instrument,  two  strong  stakes 
in  the  centre  line  above  ground,  each  about  sixteen  feet  from  the 
oentre  of  the  shaft,  so  as  to  be  safe  from  distui'bance  while  the 
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work  is  in  progresa  To  mark  the  exact  position  of  the  centre 
line,  each  stake  has  cbriven  into  its  head  a  spike,  with  an  eye 
through  its  top.  The  eye  of  each  spike  is  very  carefully  ranged 
in  the  exact  centre  line,  being  made  visible  to  the  observer  at  the 
instmment  by  holding  a  piece  of  white  paper  behind  it.  A  cord  is 
stretched  through  the  holes  in  the  spikes,  so  as  to  mark  the  course 
of  the  centre  line  across  the  mouth  of  the  shaftw  At  each  side  of 
the  abaft  a  plank  is  laid,  at  right  angles  to  the  string,  and  with  its 
edge  overhanging  the  edge  of  the  shaft  two  or  three  inches,  so  that 
a  plumb-line  may  hang  from  it  clear  of  the  side  of  the  shaft  Two 
plumb-lines  are  then  hung  from  the  planks,  directly  under  the  cord 
that  marks  the  centre  line ;  and  the  lower  ends  of  those  plumb-lines 
show  two  points  in  the  centre  line  at  the  bottom  of  the  shaft. 

The  approximate  ranging  c^  the  ''heading**  or  ''drift,"  or  small 
horixontal  mine  that  connects  the  lower  ends  of  the  shafts,  is  per- 
formed by  means  of  candles,  each  hung  from  the  timber  framing  in 
a  sort  of  stirrup. 

The  accurate  ranging  of  the  centre  line,  after  the  heading  has 
been  made,  is  performed  by  stretching  a  cord  between  the  marks 
already  ranged  at  the  bottom  of  the  dbaft,  and  fixing,  at  intervals 
of  thirty  or  forty  feet,  either  small  perforated  blocks  of  wood  carried 
Ijy  croas-bars,  or  stakes  with  eyed  spikes  driven  into  their  heads, 
80  that  the  holes  in  the  blocks  or  spikes  shall  be  ranged  by  the  cord 
exactly  in  the  centre  line.  The  centre  line  of  any  part  of  the 
tunnel  can  then  be  marked  at  any  time  when  required,  by  stretching 
a  cord  through  two  of  those  holes.  The  cross-bars  are  fixed  in  a 
temporaiy  way  to  the  timber  framework  of  the  heading,  so  that 
tiiey  can  be  removed,  to  leave  a  free  passage  for  men  and  wagons; 
bat  their  places  are  so  marked  that  they  can  be  re-fixed  exactly  in 
their  proper  positions  at  any  time  when  it  is  required  to  range  part 
of  the  line. 

Curves  can  be  set-out  below  ground  by  means  of  a  theodolite  on 
a  short-l^ged  stand,  and  candles  or  lamps  instead  of  ranging-poles. 
In  thJB  case,  the  two  marks  at  the  bottom  of  a  shaft  indicate  the 
direction  of  a  tangent  to  the  curve  at  its  centre. 

When  the  line  of  shafts  does  not  follow  the  centre  line  of  the 
tunnel,  bat  a  line  parallel  to  it,  a  con-esponding  line  is  to  be  set-out 
through  the  heading  at  the  bottom  of  the  shafts ;  and  from  that  line 
the  centre  line,  or  any  given  part  of  the  tunnel,  can  be  set-out  by 
Uying  down  offsets  in  transverse  headings. 

In  order  to  set-ovi  the  levels  of  a  tunnel,  there  should  be  a 
bench  niark  above  ground,  as  described  in  Article  65,  p.  110,  near 
the  mouth  of  each  shaft.  When  the  shaft  has  been  sunk,  and  lined 
with  timber  or  brickwork,  a  second  bench  mark  is  to  be  made 
within  the  shaft,  and  near  its  top,  by  driving  into  the  timber  or 
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brickwork  a  borseBhoe-shaped  staple  in  a  borizontal  position,  tbe 
levelling-staff  being  beld  on  its  upper  sorfiace  in  taking  its  level. 

Some  part  of  the  maaoniy  or  bridhrork  of  the  intended  tunnel  is 
taken  as  a  standard  point  bj  means  of  which  the  levels  of  other 
points  are  regulated :  for  example,  the  ''invert-skew-back/'  or  joint 
where  the  inverted  arch  forming'  the  bottom  of  the  tunnel  meets 
the  sides.  That  joint  being  at  a  fixed  height  above  or  below  the 
rails  (generallj  below),  its  depth  below  the  staple  is  to  be  calculated. 
That  depth  is  then  to  be  set-off  by  hanging  through  the  staple  a 
chain  of  rods  of  the  proper  length.  The  rods  used  by  Mr.  Simms 
are  connected  together  at  the  ends  by  eyes  and  spring-hooks :  the 
length  of  each  rod,  from  the  inside  of  the  eye  at  one  end  to  the 
inside  of  the  hook  at  the  other,  is  ten  feet  To  set-off  a  given 
depth  below  the  staple,  the  number  of  rods  to  be  linked  together  is 
one  more  than  the  number  of  entire  tens  of  feet  in  the  depth ;  the 
odd  feet  and  decimals  of  fe«t  are  set-off  on  the  uppermost  rod  by 
screwing  a  gland  upon  it  at  the  proper  point.  The  chain  of  rods 
is  then  dropped  through  the  staple  until  the  gland,  resting  on  the 
staple,  prevents  them  from  passing  further,  and  supports  the  whole 
chain ;  a  bench  mark,  consisting  of  a  flat-sided  spike  driven  hori- 
Eontally  into  the  timbering,  or  of  a  stake  with  around-topped  spike 
in  its  head,  driven  verti^Jly  into  the  ground,  is  then  adjusted  at 
the  bottom  of  the  shaft)  so  that  its  upper  sur&ce  is  exactly  on  a 
level  with  the  bottom  of  the  lowest  rod. 

The  staple  forms  a  permanent  bench  mark,  through  which  the 
.  rods  can  be  lowered  again,  whenever  it  is  necessary  to  make  a  new 
bench  mark  under  ground,  owing  to  disturbance  of  the  former 
bench  mark.  This  is  always  done  after  the  brickwork  has  been 
partly  built,  in  order  to  make  a  permanent  bench  mark,  by  driving 
a  flat  spike  into  the  side  of  the  tunnel 

Further  remarks  on  setting-out  will  be  made  under  the  head  of 
each  kind  of  work  for  which  peculiar  methods  are  required. 
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CHAPTER  VL 

or  XABIHX  SUBTEmrO  FOB  ENGINXERIKO  PUBPOSBL 


Teys  afe  undertaken  for  purposes  of  geography  and  navigation  as 
▼dl  as  for  those  of  engineering ;  bat  the  present  chapter  has  reference 
to  the  last  of  those  purposes  only;  and  it  therefore  describes  the 
opentioDs  of  marine  surveying  so  &r  only  as  they  are  required  in 
preparing  plans  for  engineering  works  in  navigable  waters. 

The  principal  objects  of  such  surveying  are  to  determine  and 
represent  on  a  plan  the  figure  of  the  bottom  of  the  sea,  or  other 
piece  of  water,  on  a  scale  suited  for  designing  engineering  works, 
and  to  ascertain  the  materials  of  which  the  bottom  consists,  the 
level,  rise  and  fidl  of  the  surface  of  the  water,  and  the  direction 
and  gpeed  of  its  currents. 

The  marine  survey  must  be  based  upon  a  survey  on  the  adjoin- 
ing land,  by  means  of  which  the  figure  of  the  coast  and  the  posi* 
tioos  of  a  sufficient  number  of  conspicuous  and  well-defined  ol^ects 
near  tiie  coast  have  been  ascertained.  These  objects  are  the  tand- 
mafk$y  by  observations  of  which  the  positions  of  points  on  the 
fioi&oe  of  the  water  are  determined. 

Stations  afloat  can  be  marked  by  means  of  buoys,  carrying  poles 
and  vanes. 

To  prevent  a  buoy  from  deviating  to  any  considerable  distance 
from  a  position  directly  above  its  anchor,  the  mooring  cable,  which 
'n  fixed  at  one  end  to  the  anchor,  passes  through  a  ring  called  a 
"  thimble,'*  attached  to  the  buoy,  and  has  a  weight  hung  to  the 
other  end. 

72.  nmtmm  aiU  BotwIi  IHnka  Ibr  Xicrcla.— There  should  also  be 
ft  datum-pointy  or  principal  bench  mark,  on  land,  to  which  the  levels 
sre  referred,  and  a  sufficient  number  of  other  bench  marks,  whose 
elevations  relatively  to  the  principal  bench  marks  are  to  be  found 
by  the  ordinary  process  of  levelling. 

For  nautical  purposes  the  d(Uum'8tirface,  relatively  to  which  the 
levels  of  the  bottom  are  stated,  is  the  €vverage  lau^-uxUer-mark  of 
spring  tides;  and  the  same  datum-surface,  when  it  is  sensibly  hon« 
a>ntal,  will  answer  for  an  engineering  survey;  but  on  the  sea-coast^ 
vfaen  the  survey  is  extensive,  and  in  the  channels  of  rivers,  the 
W- water  of  spring  tides  is  not  a  horizontal  surface;  and  in  such 
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caseH,  the  levels  for  engineering  purposes  mnst  be  reckoned  ^m  an 
arbitrary  horizontal  surface,  as  in  sections  on  land. 

73.  Ti4e-Cteii«es. — The  successive  levels  of  the  sur&ce  of  the 
"water  must  be  observed  and  recorded  from  time  to  time,  as  veil  for 
their  own  importance  as  because  the  levels  of  the  bottom  are 
ascertained  by  sounding,  and  in  order  to  reduce  the  latter  levels  to 
a  common  datum  the  variations  of  the  level  of  the  sur&oe  of  the 
water  must  be  known. 

The  tide-gauges  used  for  this  purpose,  when  of  the  simplest  kind, 
are  posts  set  exactly  upright,  and  having  scales  of  feet  and  tenths 
of  feet  marked  upon  them,  numbered  from  the  bottom  upwards. 
They  must  be  fixed  and  stayed  in  such  a  manner  as  to  be  capable 
of  resisting  the  waves.  Sometimes  the  whole  rise  and  fall  of  the 
tide  at  a  given  place  may  be  observed  on  one  post;  but  in  general 
the  slope  of  the  beach  makes  it  necessary  to  have  a  row  of  posts 
extending  from  low-water-mark  to  high-water-mark,  and  forming, 
in  £a.ct,  one  tide-gauge,  divided  into  several  stages  or  steps.  The 
lowest  mark  on  the  lowest  post  of  the  row  is  the  zero  of  the  tide- 
gauge:  its  level  shoidd  be  ascertained  relatively  to  the  nearest 
bench  mark  on  land  by  levelling.  It  will  form  the  commence- 
ment of  a  scale  of  feet  and  tenths,  numbered  upwards.  The  lowest 
mark  on  the  second  post  must  be  made  at  a  point  adjusted  by 
levelling  to  the  same  level  with  the  highest  mark  on  the  first  post, 
and  marked  with  the  same  number,  and  so  on ;  so  that  the  marks 
on  the  entire  row  of  posts  may  form  one  continuous  scale  of  heights 
above  the  zero-mark. 

The  number  of  different  tide-gauges  required,  and  the  places 
where  they  are  to  be  erected,  will  be  fixed  by  the  engineer  to  the 
best  of  his  judgment,  so  as  to  give  the  means  of  determining  the 
figure  of  the  surface  of  the  water  at  any  given  instant  They  must 
be  more  numerous,  the  more  the  surface  of  the  water  at  each 
instant  deviates  from  a  horizontal  form.  Such  deviation  always 
exists  in  river  channels;  and  in  them,  and  also  in  estuaries,  and  ou 
the  coast,  its  existence  and  extent  are  indicated  by  differences  in 
the  time  of  high  and  low- water,  and  in  the  extent  of  rise  and  fall 
of  the  tide.  Even  when  those  deviations  are  not  practically  appre- 
ciable, it  is  desirable  to  have  two  tide-gauges  at  points  distant  from 
each  other,  in  order  that  the  two  series  of  observations  may  check 
each  other. 

The  observers  of  the  tide-gauges  should  be  trustworthy  and 
intelligent  persons,  provided  with  watches,  which  should  be  com- 
pared every  day  with  that  of  the  principal  surveyor. 

For  the  purpose  of  reducing  soundings  only,  it  is  in  general 
suflBcient  to  observe  each  tide-gauge  at  each  quarter  of  an  hour. 
When  it  is  desired  also  to  asceiliain  the  laws  of  the  tide  at  the 
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locality,  it  ifl  better  to  observe  the  height  on  the  tide-gauge  at  each 
ten  minutes,  for  an  hour  before  and  an  hour  after  high  and  low- 
water,  and  at  each  half-hour  during  the  remainder  of  the  day. 

For  engineering  purposes,  the  tide-gauges  already  described* 
consisting  of  simple  poets,  are  in  general  sufficient ;  because  when 
the  water  is  smooth  enough  to  take  accurate  soundings,  it  is 
smooth  enough  to  enable  the  observer  of  the  tide-gauge  to  estimate 
the  mean  level  between  the  crests  and  troughs  of  the  waves. 

When  more  exact  observations  are  required,  the  tide-gauge 
Khonld  consist  of  an  upright  tube,  communicating  with  the  water 
outside  through  a  few  small  holes  only,  and  having  in  it  a  float 
with  a  graduated  upright  stem,  tall  enough  to  be  visible  above  the 
top  of  the  tube. 

In  a  self-regiatering  tide-gauge,  such  a  float  acts  through  a  chain 
or  cord  on  a  train  of  mechatiism,  and  moves  a  pencil  up  or  down, 
which  marks  a  line  on  a  paper-covered  cylinder  turned  by  clock- 
work.    (Aity  (hi  Tides  and  Waves.) 

The  observations  at  the  tide-gauges  having  been  copied  from  the 
obeervers'  books  into  one  book,  are  to  be  reduced  to  the  datum  of 
the  survey  by  the  aid  of  the  known  levels  of  the  zero-marks  of  the 
tide-gauges  relatively  to  that  datum. 

The  mean  of  all  the  reduced  observations  of  the  tide-gauges  taken 
during  one  or  more  entire  ''  lunations,"  or  revolutions  of  the  moon, 
gives  the  mean  levd  of  the  sea,  which  is  a  truly  hoiizontal  sur^ 

Further  remarks  on  the  tides  will  be  made  in  the  sequeL 

74.  ^acaitoJM  SttiitoM  mMmmu — ^In  fig.  53,  let  D  represent  the 


position  at  a  given  instant  of  a  point  in  a  boat^  which  is  to  be 
determined. 

This  is  done  by  measuring 
with  the  sextant  in  the  boat 
the  angles  between  three  known 
objects  on  land.  A,  B,  C. 

To  diminish  or  prevent  the 
errors  that  would  arise  from  the 
boat's  shifting  its  position  while 
Um  angles  are  being  measured, 
the  surveyor  should  have  three 
sextants,  if  possible,  with  which  pig.  53.  fig.  (4. 

he  shoold  take  the  angles  A  D  B, 

B  D  C,  A  D  C,  in  rapid  succession,  reading  them  off  at  leisure 
afterwards.  The  angle  ADC,  which  should  be  the  sum  of  the 
other  two,  serves  as  a  check  upon  their  accuracy. 

Care  should  be  taken  that  the  four  points,  A,  B,  C,  D,  do  not  lie 
in  or  near  the  drcumference  of  one  circle;  for  in  that  case  the 
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obeervationB  would  leave  the  position  of  D  indeterminate,  as 
presently  be  expbuned. 

There  are  different  methods  of  plotting  the  position  of  D  on  the 
plan. 

Method  L — By  Two  intersecting  Circles.-— To  draw  thToagh 
two  points,  as  A  and  B,  fig.  5i,  a  circle  which  shall  contain 
a  given  angle;  that  is  to  saj,  a  circle  such  that  from  any  point 
in  its  circumference,  as  H,  the  arc  A  B  shall  subtend  an  angle 
A  H  B  equal  to  the  given  angle,  draw  through  A  and  fi  the 
straight  lines  A  G,  B  G,  making  with  the  straight  Hue  A  H  the 
angles  B  A  G,  A  B  G,  each  equal  to  the  complement  of  the  ^ven 
angle;  the  intersection  of  those  lines  G  wiU  be  the  centre  of  the 
circle  required. 

.  Let  fig.  53  now  represent  the  plan,  and  A,  B,  C,  the  positioiiB  of 
the  three  landmarks  as  plotted  on  it;  through  A  and  B  drai^  a 
circle  containing  the  observed  angle  A  D  B;  through  B  and  C 
draw  a  circle  containing  the  observed  angle  B  D  O ;  those  circles 
will  give  by  their  intersection  the  point  D  on  the  plan : — ^unless  they 
should  happen  to  coincide  with  each  other  and  with  the  dotted 
circle  A  B  0  £,  when  the  point  D  may  be  anywhere  in  that  dotted 
circle,  and  cannot  be  plotted  from  the  observations  taken.  Should 
D  lie  Tiear  the  dotted  circle,  the  two  intersecting  circles  will  cut 
each  other  at  too  acute  an  angle,  like  the  sides  of  an  ill-conditioned 
triangle;  and  the  plotted  position  of  D  will  be  liable  to  inaccuracy. 
Method  II. — By  ths  int^aection  of  a  Circle  and  a  Straight  Line. — 

From  A  draw  A  £,  making  the  angle  C  A  £ 
=  C  D  B:  from  C  draw  0  E,  making  the 
angle  A  0  E  =  A  D  B,  and  cutting  A  £  in 
E :  through  the  three  points  A,  C,  E,  describe 
a  circle:  through  E  and  B  draw  a  straig^bt 
line  cutting  the  circle  in  D;  D  will  be  the 
required  ^x)int  on  the  plan. 

The  two  preceding  methods  are  both  too 
tedious  for  ordinary  use,  and  the  two  foUoiy- 
ing  are  almost  always  employed  instead. 
Method  III. — By  a  Piece  of  Tracing-paper, — On  a  piece  of  tracing 
paper  draw  three  stitiight  lines  radiating  from  one  point  so  aA  to 
make  with  each  other  angles  equal  to  A  I)  B  and  B  D  0.  Lay  it 
on  the  plan,  and  shift  it  about  till  the  three  lines  traverse  A,  B,  and 
C  respectively;  tlie  point  from  which  they  diverge  being  pricked 
through  on  the  plan,  will  give  the  position  of  D. 

Method  IY. — By  the  Station-poinier, — ^This  is  an  instrument 
consisting  of  three  long  flat  arms  turning  about  one  centre,  and 
having  straight  fiducial  edges  diverging  from  that  centre.  Fixed 
to  the  middle  arm  is  a  graduated  circular  arc,  and  fixed  to  the  side 
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amOf  two  indexes  with  TemierB,  by  means  of  which  those  urns  cui 
be  set  80  aa  to  make  any  required  pair  of  angles  with  the  middle 
aim.  The  arms  being  set  so  as  to  form  the  angles  A  D  B,  B  D  C, 
the  instrament  is  laid  on  the  plan  and  shifted  about  untU  the 
three  fiducial  edges  traTerse  the  points  representing  the  three  land* 
marin  lespectivelj.  The  centre  of  the  instrument  will  then  be 
orer  the  required  point  D,  which  is  marked  by  means  of  a  pricker 
that  passes  through  a  hole  in  the  centre  of  the  instrument;  or 
otherwise,  tiiree  pencil  lines  may  be  drawn  along  the  fiducial  edges 
of  the  anuBy  and  produced  after  the  instrument  has  been  lifted 
off  the  paper;  when  their  intei-section  will  give  the  required 
point 

Three  landmarks  are  all  that  are  absolutely  necessary  to 
determine  the  position  of  a  station  afloat;  but  when  the  station  is 
an  important  one,  the  surveyor,  for  the  purpose  of  yerification, 
^urald  measure  angles  to  additional  known  objects.* 

Where  a  snfiBcient  number  of  objects  on  land  are  not  visible,  the 
podtims  of  stations  afloat  may  be  determined  by  taking  angles  to 
previondy  determined  stations  afloat  which  are  marked  by  buoys, 
or  ct  which  boats  with  flags  are  moored;  but  this  method  is  want- 
ing in  precision,  and  objects  on  land  are  always  to  be  preferred 
vben  thfEj  can  be  seen. 

75.  aaMkUays  ■■«  liCTvls. — The  instrument  generally  employed 
for  taking  soundings  for  nautical  purposes  is  the  lead-line^  a  tough, 
bard,  and  flexible  cord,  loaded  with  a  conical  lead  weight,  and 
^vided  into  fatiioms.  For  engineering  purposes,  where  tibe  depth 
doei  not  exceed  about  100  feet,  a  chain  is  used.  In  shallow  water, 
the  best  instrument  is  a  rod,  divided  into  feet  and  tenths,  and  loaded 
tt  tLe  lower  end. 

The  sounding-lead  ia  ''  armed**  with  a  lump  of  tallow  in  a  hollow 
at  its  lower  end,  by  which,  when  the  material  of  the  bottom  is 
loose,  specimens  of  it  are  Imught  up.  When  the  material  is  of  a 
finner  texture,  a  specimen  may  be  brought  up  by  dropping  a  heavy 
iron  pike,  jagged  and  barbed  at  the  lower  end,  called  a  '^  plunger,** 
and  hauling  it  up  again  by  a  rope;  or  the  nature  of  the  bottom 


*  Ths  dJBtaiKfii  of  the  station  from  two  of  tlie  lasdmaiks  might  be  ealcidatod  by 
tie  nUta  of  pUme  trigonometiy  and  plotted;  bat  the  prooeae  is  too  tedious  for  ordinaiy 
M.   The  IbHowing  are  the  steps  of  which  it  consists  (see  fig.  65)  :— 

In  the  triai^  A  E  C,  giren  A  C,  and  the  angles  E  A  C  (»  B  D  C)  and  A  C  E 
(=  A  D  B>  calcolato  A  £  and  C  E. 

lo  the  triangle  ABE,  given  AB,  AE,and.^BAE(=BDG  —  BAC), 
cakolata  .^.  A  £  B. 

In  the  triangle  BEG,  given  BC,  CE,and^,^BC£(=ADB  —  BOA), 
caknUte  .^.  B  E  C. 

Id  the  triangle  A  D  E,  given  A  E  and  tlie  angles,  calcnlate  A  D. 

^  the  triangle  DEC.  given  C  £  and  the  an^ea,  oalculate  C  D. 
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may  be  ascertained  by  boring,  or  by  diving--operations  whidi  will 
be  again  referred  to  fiirther  on. 

Soundings  for  nautical  purposes  are  noted,  and  written  on  the 
plan,  in  fathoms  of  six  feet,  and  half  and  quarter  fathoms ;  those 
for  engineering  purposes,  in  feet  Mid  decimals,  or  feet  and  indies. 

The  levels  of  the  bottom  are  asoei'tained  by  taking  seyeitd  series  of 
soundings  along  straight  lines,  in  such  positions  as  the  engineer 
judges  to  be  best  In  general,  the  position  of  those  lines  is  nearly 
that  of  the  lines  of  steepest  declivity  of  the  bottom,  and  nearly  at 
right  angles  to  the  coast 

As  each  sounding  is  taken,  the  surveyor  notes  the  time,  the 
depth,  and  the  position. 

The  following  are  two  methods  of  determining  the  positions  of 
soundings : — 

Method  L — By  a  Series  of  Angles, — In  fig.  56,  A  and  B  repre- 
sent two  known  objects,  in  a  straight  lin^  with  which 
a  set  of  soundings  are  to  be  taken;  C  is  a  third 
known  object  lying  at  a  sufficient  distance  to  one  side 
of  the  line  A  B.     The  boat  is  rowed  along  the  straight 
line  B  E,  either  directly  towards  or  directly  from  B. 
The  surveyor  sees  that  the  boatmen  keep  B  and  A 
exactly  in  one  straight  line;  and  the  instant  that 
each  sounding  is  taken,  he  measures  with  a  sextant 
the  angle  which  the  direction  of  C  makes  with  the 
line.     For  example,  if  1,  2, 3,  4,  ^,  are  points  where 
'ig-  oS.        soundings  are  taken,  the  angles  to  be  measured  at 
those  points  are  B  1  C,  B  2  0,  B  3  C,  B  4  0,  <kc.     The  position  of 
C  should  be  so  chosen  that  the  most  acute  of  those  angles  may  be 
30°  or  somewhat  greater. 

To  plot  the  positions  found  by  this  method,  draw  through  C  on 
the  plan  the  straight  line  F  0  D  parallel  to  A  B  E,  and  lay  off  the 
angles  DC1  =  B10,  DC2  =  B2C,  &c:  the  intersections  of 
the  lines  C  1,  0  2,  &c.,  with  B  E,  will  give  the  points  required. 

Mbfhod  II. — By  two  Statione  cmd  an  uniform  speed  of  Bowing. — 
In  Fig.  67,  A  represents  a  known  object  on  which  the  line  of 

soundings  is  to  run.     The  surveyor  determines 

the  position  of  (B  or  0)  the  commencement  of  the 

line  by  three  angles  taken  between  known  objects; 

the  rowers  then  row  as  steadily  as  possible  at  an 

uniform  speed  in  a  straight  line  directly  from  or 

directly  towards  A.    Soundings  are  taken  at  equal 

?:i  intervals  of  time;  and  when  the  line  has  bieen 

*^  carried  far  enough,  the  surveyor  determines  the 

position  of  its  termination  (C  or  B)  by  three  angles 

Fig.  67.  taken  between  known  objects. 


*- 
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In  plotong  a  line  of  aoandingB  so  taken,  ite  tvo  ends  B  and  C 
are  laid  down  bj  means  of  the  station-pointer :  the  straight  line 
B  C  is  diawn,  and  diirided  into  as  many  equal  parts  as  there  wei-e 
equal  intervals  of  time  between  the  soundmgs  from  the  beginning 
to  the  end  of  the  line;  and  thus  the  intermediate  points,  1,  2,  3, 
isCy  are  found. 

A  line  of  soundings  may  often  be  conveniently  prolonged  on  the 
hi^er  parts  of  the  beach  by  ordinary  levelling,  in  £ekct,  levelling 
fihoold  be  used  wherever  it  is  practicable,  being  the  more  accurate 
operation. 

76.  The  MeJ»<ti—  9t  li»— iJMgi  to  the  datum  of  the  survey  is 
made  by  taking  the  difference  between  each  sounding  and  the  height 
of  the  water  above  that  datum  at  the  instant  when  the  sounding 
vas  taken,  as  found  by  examination  of  or  interpolation  in  the 
register  of  the  tides.  If  the  sounding  is  the  greater,  that  difference 
&  a  d^Fth  below  the  datum, — ^if  the  less,  a  height  above  the  datum. 
(As  to  what  ^lat  datum  is,  see  Article  71i  When  the  datum  is 
the  mean  low-water-level  of  spring  tides,  the  latter  dass  of  reduced 
soimdings  are  said  to  be  dry,  and  are  distinguished  in  the  register 
snd  on  &e  plan  by  a  score  beneath  the  figurea 

To  reduce  soundings  by  calculation,  in  the  absence  of  direct 
observatianfl  of  the  tide,  it  is  necessaiy  to  know  the  rise  of  the  tide 
above  the  mean  water-level,  and  the  time  of  high- water,  for  the  tide 
during  which  the  soundings  were  made,  and  the  dturaUon  of  that 
tide,  or  interval  of  time  between  high-water  and  low-water  (which 
on  an  average  is  about  six  hours  twelve  minutes,  but  varies  oon- 
aidoaUy  at  different  times  and  places). 

Let  H  be  the  height  of  the  mean  water-level  above  the  datum : — 

r,  the  rise  of  the  tide  above  the  mean  water-level; 

D,  the  duration  of  the  tide; 

t,  the  time  before  or  after  high- water  at  which  a  given  sounding 
K  taken;  • 

k,  the  height  of  the  surface  of  the  water  above  the  datum  at  that 
instant,  being  the  quantity  to  be  subtracted  from  the  sounding. 

Then  A=H  +  r -oos  180*^; (1.) 

in  using  which  formuk  it  is  to  be  remembered  that  cosines  of 
oUuse  angles  are  neffotive, 

77.  liiBM  9t  B4«ai  i^epch  are  analogous  to  contour-lines  on  land 
(see  p.  95),  being  contour-lines  of  the  bottom  of  the  sea  sketched  on 
the  plan  so  as  to  pass  through  those  points  where  the  reduced 
soundings  are  equsl  It  is  customary  to  mark  the  line  of  one 
fathom  soundings  by  single  dots,  of  two  £Etthoms  by  dots  in  pairs, 
of  three  fathoms  by  dots  in  triplets,  and  so  on. 
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The  High  and  li^w^WatetNBffaiiu  of  average  sprmg  tides,  whid 
should  be  drawn  on  the  plan,  are  also  analogous  to  contour-lines. 

78.-  €*wrrMU»— Watch. — The  directions  and  velocities  of  tida 
currents  should  be  noted  by  the  surveyor,  and  marked  on  the  plai 
by  arrows;  each  arrow  having  figures  beside  it  denoting  the  speei 
of  the  current  in  nautical  miles  an  hour,  and  the  time  after  th 
moon's  transit  at  which  it  prevails.  Flood-currents  are  denoted  b; 
feathered  arrows  ^  ebb-currents  by  unfeathered  arrowa 

The  direction  of  the  current  which  runs  past  a  moored  vesse 
may  be  ascertained  by  dropping  some  floating  body  into  it,  anc 
observing  the  angle  which  the  direction  of  motion  of  that  bodi 
makes  with  the  direction  of  some  known  object.  The  velocity  nia\ 
be  found  by  means  of  Massey's  Log,  an  instrument  in  which  the 
rotations  of  a  fan  driven  by  the  current  are  registered  by  wheel-work. 

The' direction  and  velocity  of  a  current  may  also  be  determined 
by  setting  a  light  deal  pole,  having  a  weight  at  the  lower  end,  to 
float  upright  in  it,  and  taking  simultaneous  angles  to  that  object 
from  two  known  stations  This  miist  be  done  by  two  observers, 
who  should  take  special  care  to  make  their  angular  measurements 
exactly  at  the  same  instants  of  time. 

The  usual  directions  and  velocities  of  waves  should  be  ascertained 
and  noted,  and  also  the  greatest  height  from  the  crest  to  the  trough 
of  a  wave. 

79.  niMeiUBMm  iBftvM«ii«a  •■  Plaa.^Besides  the  soundings, 
levels,  currents,  and  other  information  already  mentioned,  the  plan 
of  a  marine  survey  for  engineering  purposes  should  show  at  diflferent 
points  the  material  of  the  bottom,  by  such  abbreviations  as  r.  for 
rock,  St.  for  stones,  s,  for  sand,  m.  for  mud,  &c.,  and  by  references 
to  borings  and  examinations  by  diving,  where  such  have  been 
made.  It  should  also  show  all  lighthouses,  beacons,  buoys,  fixed 
moorings.  Sec 

80.  Taking  Altltndica  hj  the  S«KtaM— ]>lp  •f  Cke  H^Hmm.— When 

the  altitude  of  an  object  is  taken  at  sea  by  measuring  with  a  sex- 
tant its  angular  elevation  above  the  visible  sea-horizon,  a  correction 
must  be  made  by  subtracting  the  dip  of  that  horizon — that  is,  its 
apparent  angular  depression  below  a  truly  horizontal  line  traversiDg 
the  eye  of  the  observer.  The  amount  of  that  depression  is  un- 
certain, owing  to  the  variable  refractive  power  of  the  atmosphere; 
but  on  an  average,  it  is  given  approximately  by  the  following 
formula,  in  which  h  denotes  the  height  of  the  observer's  eye  above 
the  sea^  and  r  the  radius  of  curvature  of  the  surface  of  the  sea. 

Dip  in  seconds  =  ^  x  206264"- 8  y/  ^  ^ 

=  57''4^/yriKTeS: (1.)     I 
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CHAPTER  Vn. 
OF  oorriNo,  xnlabgiho,  akd  beduoko  plak& 


81.  Tim  Im^  upon  a  sheet  of  thin  semi-tTauBparent  paper,  laid 
soioothlj  on  the  otigixial  drawings  is  the  most  accurate  method  of 
obtonuBg  a  copy  o(f  a  plan  on  ti^e  same  scale  with  the  origimd. 
By  uamg  a  drawing  table  made  of  strong  plate-glaas,  called  thd 
""eopying-glaaBy**  with  a  sloping  minor  below,  ^  necessary,  to 
reflect  l^t  through  it,  a  tracing  may  be  made  on  drawing  paper 
cf  ordinary  thickness,  provideii  the  original  is  not  mounted  on 
ML 

When  a  tracing  has  been  made  on  thin  paper,  other  copies  can 
be  made  on  thick  paper  by  rubbing  the  lower  side  of  the  tracing 
vith  black-lead,  or  putting  a  sheet  of  black-leaded  paper  below  it, 
hying  it  on  the  thick  paper,  and  passing  a  smooth  pointed  instni- 
aent  along  all  the  outlines  of  the  tracing.  The  new  copy  has  then 
to  be  drawn  in  ink  and  finished 

FiiekiiiS  Tfcg^Mga  is  applicable  to  plans  in  which  the  out- 
lines comdst  chiefly  of  straight  lines,  and  damage  to  the  original 
^an  is  nnimportantw 

d2.  K«y  ■  ■  tea,  lJih#gniyfchig,  iki  PHtlf.— When  a  plan  is  to 
be  engraved  on  copper,  a  tracing  of  it  is  placed  on  the  copper  plate, 
£M9e  downwards,  and  the  outlines  scratched  on  the  copper  with  a 
point  which  cuts  through  the  tracing.  The  impressions  from  copper 
plates,  being  printed  on  damp  paper,  shrink  when  they  diy,  to  an 
extent  which  varies  from  l-400th  to  l-200th  of  the  original  dimen- 
sons.  All  measurements,  therefore,  on  printed  plans  should  be 
made  by  means  of  the  scale  engraved  along  with  the  plan,  and 
every  sheet  should  have  a  scale  upon  it.  The  shrinking  is  some- 
times dightly  different  lengthwise  and  breadthwise.  As  to  the 
effect  of  this  on  sections,  see  Article  54,  p.  90. 

Where  great  accuracy  is  required  in  engraved  plans  (as  in  thoso 
of  the  ordnance  survey),  the  principal  stations  are  plotted  an  Hie 
^opper^  and  the  details  only  laid  down  on  it  by  tracing. 

In  lithographing  plans,  the  usual  process  is  to  make  a  copy 
on  ^  transfer  paper "  by  t^e  aid  of  a  tracing  on  thin  paper,  as 
already  described  in  the  preceding  Article.  The  copy  so  made  is 
dnwn  and  finished  with  lithographic  ink,  laid  face  downwards  on 
a  sUme^  and  transferred  to  the  stone  by  the  proper  process.    The 
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transfer  paper  being  damp  during  that  process,  expands  to  a  certaii 
extent,  so  that  the  drawing  on  the  stone  is  somewhat  larger  thaj 
the  original ;  and  this  expansion  is  to  a  certain  extent  oounteract«i 
by  the  shrinking  of  the  paper  on  which  the  impressions  are  printed 
so  that  the  impressions  may  be  slightly  larger  or  smaller  than  thi 
original  in  a  proportion  which  it  is  difficult  to  assign  with  preci 
sion.  As  with  engiuved  plans,  each  sheet  sho.uld  have  its  o^wn  scale 
by  means  of  which  all  measurements  upon  it  should  be  made. 

83.  Bcdncing  l>r»wiMgs  hj  Haad  is  |)erformed,  in  the  case  o 
plans,  by  forming  triangles  to  connect  the  stations  and  other  prin 
cipal  points  on  the  original,  measuring  their  sides,  and  plotting 
them  on  a  smaller  scale  on  the  reduced  plan.  The  details  maj  hi 
feduoed  by  covering  the  original  with  a  network  of  squares,  and 
the  reduced  copy  with  a  network  of  squares  having  their  sida 
smaller  than  those  of  the  original  squares  in  the  proportion  in 
which  the  plan  is  to  be  reduced,  and  sketching  the  details  on  the 
reduced  copy  in  their  proper  places  by  the  aid  of  those  squares  to 
guide  the  eye  and  hand. 

In  the  case  of  sections,  reducing  by  hand  is  best  performed  by 
plotting  the  section  anew  on  the  smaller  scale. 

84.  HedMciMg  i>r»wikgs  by  ntccluuiUHi  is  performed  by  means  of 
instruments  called  the  "  Pantograph  "  and  the  "  Eidograph."  In 
each  of  those  instruments  a  tracing-point  is  made  to  travel  over  the 
outlines  of  the  original  drawing;  a  pencil  is  so  connected  with  the 
tracing-point  that  it  is  always  in  a  straight  line  with  the  tracing- 
point,  and  with  a  fixed  centre,  and  always  at  a  distance  from  that 
centre  bearing  a  given  constant  ratio  to  the  distance  of  the  tracing- 
point  from  that  centre ;  and  that  pendl  draws  the  outlines  of  a 
copy  of  the  drawing  reduced  in  the  given  ratio. 

Fig.  58  is  a  skeleton  sketch  of  the  Pantograph.     FD,  DB, 
E  G,  and  G  0  are  four  flat  bars,  jointed  to  each  other  at  E,  D,  C, 

and  G,  so  that  GE  =  E  D  =  D  C  =  C  G,  and  the 
figure  G  E  D  0  is  always  an  exact  rhombus,  its 
opposite  sides  being  parallel,  and  all  of  them  equal 
liiose  bars  are  supported  by  ivory  castors,  which 
run  on  the  paper  or  on  the  drawing-board.  T  is 
the  tracing  point.  A  is  the  fixed  centre,  having 
a  heavy  foot,  which  rests  on  the  paper  or  the 
drawing-board.  On  its  vertical  spindle  turns 
^«-  **•  a  socket  through  which  the  bar  E  G  can  be 

slid  to  any  required  position,  and  fixed  there  by  a  clamp-screw. 
P  is  a  square  socket,  sliding  on  the  bar  D  F,  on  which  it  can  be 
fixed  in  any  required  position;  the  pencil  is  carried  by  it  The 
pencil  is  loaded  on  the  top  with  weights,  which  press  its  point 
against  the  paper;  it  can  be  lifted  off  the  paper  when  required  by 
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pniUiig  a  string.  The  dotted  line  PAT  reprMente  the  imaginuj 
stisight  line  in  wbich  the  pendl,  the  centre,  and  the  tracing  point 
ought  to  be  aitiiated.  The  bars  G  £  and  £  F  have  softies  marked 
on  tbem,  showing  the  proper  positions  of  the  sliders  for  reducing 
drawings  in  ▼arions  proportions.  Let  1  :  n  be  the  proportion  in 
which  the  plan  is  to  be  reduced;  so  that — 

n  :  1  :  :  T  A  :  AP; (L) 

then 

n:l  ::  DE  :  E  P; (2.) 

and 

n+1  :1  :  :DT  :  E  A  (3.) 

The  giiniMffc  18  represented  by  the  skeleton  sketch,  fig.  59. 
A.  is  its  fixed  centre,  with  a  heavy  leaden  foot  On  the  spindle 
cif  ths  centre  turns  a  square  socket,  through  which  slides  the 
bar  D  £^  which  <;an  be  clamped  in  any  required  position.  At  the 
ends  of  that  bar  are  two  puUeys,  D  and  £,  exactly  equal  in 
diameto-,  and   connected  by  means  of  a  p 

t^  steel  belt.      P  and  G  are  screws  for  ^^^  ^ 

adjoating  the  lengths  of  the  two  divisions  ' 

of  that  belt>  so  as  to  make  the  rods  B  P         /     "^^o 
iod  T  C  exactly  parallel     These  rods  slide 
tltroQ^  square    sockets    carried    by    the  3> 
pniQcyB^  and  having  clampscrews.     T  is  the  '^ 

tnong-point,  P  the  pencU,  and  T  A  P  the  ^'  *•• 

^niafiuary  stndght  line  in  which  the  pencil,  centre,  and  tracing-point 
abodd  always  be. 

liCt  1 :  n  as  before  be  the  ratio  of  reduction ;  then  the  proper 
positioiis  of  the  sockets  are  given  by  the  formuhe-— 

n:  1  ::  AB:  AD;  ET=A£;  D  P  =  A  D. ...  t4.) 

Bftch  bar  has  a  scale  of  200  equal  parts  on  it,  with  0  marked  at 
the  middle  of  its  length,  and  numbered  to  100  each  way.  These 
Kales  are  subdivided  by  the  aid  of  verniers  on  the  sockets. 
When  the  instminent  is  correctly  adjusted,  each  socket  is  at  the 
ttiiie  distance  from  the  middle  of  its  bar;  and  that  distance,  in 
diTisions  of  the  scale,  is  found  by  the  foUowing  formula : — 

f»=:100.^-J (5.) 

^  best  test  of  the  accuracy  of  the  adjustments  of  the  Panto- 
graph and  Sidograph  is  to  draw  the  tracing^point  T  for  a  certain 
^^is^uioe  along  the  edge  of  a  flat  straight-ed^ed  ruler;  when  the 
peoeQ  ?  ought  to  draw  an  exactly  straight  line,  of  a  length  bearing 
tbe  proper  proportion  to  the  length  of  the  original  line. 
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85.  BahnslBf  Pkias  maj  be  performed  by  hand,  in  tlie  saxne 
manner  with  reducing;  and  with  the  Pantograph  or  Eidograpb,  by 
adjusting  either  of  those  instruments  so  that  the  pencil  shall  be 
further  Irom  the  centre  than  the  tracing-point  is.  This,  however, 
is  an  operation  which  is  not  capable  of  accuracy,  except  when  the 
ratio  of  enlaigement  does  not  much  exceed  that  of  equality. 

86,  Rediaciag  itomwings  hf  Wh^tm^trnphj  is  the  method  employed 
in  reducing  the  large  plans  of  the  ordnance  survey,  drawn  on  a 

^^®  ^^  ae7T?r>  ^  ^^  Bcalo  of  six  inches  to  a  mile.     The  details  of 

the  plans  so  reduced  are  afterwards  traced  on  the  copper  plates,  on 
which  the  stations  have  been  previously  plotted  by  the  lengths  of 
the  sides  of  the  triangles.  A  process  of  transferring  the  reduced 
outlines  to  copper,  zinc,  or  stone,  without  tracing,  has  lately  been 
introduced.  See  the  Report  on  ths  Progress  of  the  Ordnanoe 
Survey y  by  Colonel  Sir  Heniy  James,  RR 
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86  A.  ]ledlnctl«B  •f  Aaglea  tm  the  Ccatre  •f  the  8iatl«B. — It  flome^ 

times  happens  that  the  tlieodolite  cannot  be  planted  exactly  at  a 
^  station  in  a  trigonometrical  survey;  but 

has  to  be  placed  at  a  short  distance  to 
one  side  of  it  In  such  cases,  the  angle 
actually  measured  between  two  objects  is 
t  reduced  to  the  angle  which  would  have 
been  measured,  had  the  theodolite  been 
exaotly  at  the  station,  by  a  correction 
which  is  calculated  approximately  as  fol- 
Fig.  69  A.  lows  :— 

In  fig.  59  A,  let  C  be  the  station,  D  the  position  of  the  theodolite, 
A  and  B  two  objects;  A  D  B  the  horizontal  angle  between  them 
as  measured  at  D;  A  G  B  the  required  horizontal  angle  at  the 
station  C. 

Measure  C  D,  and  the  angle  ADC;  calculate  A  C  and  C  B 
approximately  as  if  A  C  B  were  equal  to  A  D  B;  then 

ACB  =  ADB-206264'.8  CD  |^5^_!!S|»£J  ^^^ 

The  above  formula  gives  the  correction  in  seconds  when  D  lies 
to  the  rlghJb  of  both  C  A  and  C  R  When  it  lies  to  the  left  of 
C  B,  sin  B  D  C  changes  its  sign;  when  to  the  left  of  0  A,  sin 
ADC  changes  its  sign. 
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SupnjDizBT  TO  Chapter  IIL,  Abticli  4S,  Dirmoir  lY.^ 

Pact  73. 

86  &  ■miBiMiiirt  BcAaeitoib — The  refracting  action  of  the 
atmosphere  causes  the  altitudes  of  the  stars  to  appear  greater  than 
they  really  are.  The  correction  for  refraction,  therefore,  is  always 
to  be  safatracted  from  an  altitnde.  Ita  ralue  may  be  found  in 
eecoods  approximately  by  the  following  formula : — 

Eefraction  =  58^'  x  ootan  apparent  altituda 

For  more  exact  information  on  the  subject,  see  a  paper  by  the 
fier.  Dr.  Robinson  in  the  Trantaetiona  o/the  Boyallriah  Academy^ 
vol.  xix.  Tables  of  Befraction  are  given  in  treatises  on  Navigadon, 
sodi  as  Baper's. 

It  is  to  be  borne  in  mind,  that  below  about  8^  or  10^  of  altitude 
the  <^angeable  condition  of  the  atmosphere  makes  the  oorrection 
for  refraction  very  imoertain. 

86.  C.    T«  flad  tke  Ii«tlt«de  •€  a  Place. 

MxrHoi)  L — By  the  Mean  AUUuds  of  a  Cvnumfpcloff'  Star. — ^Take 
the  altitudes  a£&  circumpolar  star  at  its  upper  and  lower  culmination 
(wiieh  positiona  are  known  by  watching  for  the  instants  when  the 
•hitode  is  greatest  and  least).  From  each  of  those  apparent  alti- 
tades  sabtract  the  correction  for  refraction;  the  mean  of  the  tnie 
altitudes  thus  found  is  the  latitude  of  the  place. 

Method  II. — By  One  Meridian  AUitude  qfa  Star, — Observe  the 
meridian  altitude  of  a  star  by  watching  for  the  instant  when  ita 
ahatude  is  greatest  or  least,  and  subtract  the  corrections  for 
le&action,  and  also  for  dip,  if  necessaiy.  The  complement  of  the 
true  altitude  is  the  zenith  dietanoe.  Find  the  declination  of  the 
star  from  tiie  Nautical  Almmuko  (which  is  published  four  years  in 
advance.)* 

Hien  if  the  star  is  between  the  ssenith  and  the  equator, 

latitude  =  Zenith  distance  +  Declination ; (1.) 

If  the  atar  is  between  the  equator  and  the  horizon, 

Latitude  =  Zenith  distance —  Declination; (2.) 

If  tiie  star  is  between  the  zenith  and  the  elevated  pole, 

latitude  =  Declination  —  2ienith  distance; (3.) 

*  The  Polff  Dfatanoai^  or  compleiiMnU  of  the  declioatioiis,  of  a  few  stan,  m 
giva  at  PL  7flL 

K 
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If  the  star  is  between  the  elevated  pole  and  the  horizon. 

Latitude  =  ISC'*  —  Declination  —  Zenith  distance. . . .  (4.) 

Mbthod  III. — By  the  SuaCa  Meridian  Altitude, — In  this  methcni 
the  final  calctdation,  from  the  sun's  declination,  as  found  in  tlie 
NmtUcal  Almaiiac,  and  the  true  altitude  of  his  centre,  is  the  Banae 
as  in  Method  II.  But  besides  the  correction  for  refraction  and 
dip,  the  altitude  requires  to  be  further  corrected  by  subtracting  or 
adding  the  sun*s  semidiameter,  according  as  his  upper  or  lower 
limb  has  been  observed,  and  by  adding  the  sun's  punllax,  being 
the  angle  subtended  at  the  sun  by  the  distance  between  the  earth's 
centre  and  the  place  of  observation. 

To  find  the  correction  for  parallax,  find  the  sun's  horizontal 
parallax  on  the  day  of  observation,  from  the  Hautical  Almanac^  and 
multiply  it  by  the  cosine  of  the  altitude  of  the  sun's  centre. 

(The  mean  value  of  the  sun's  horizontal  parallax  is  about  8^*6). 

The  sun's  semidiameter  on  the  day  of  observation  is  to  be  found 
in  the  Nautical  Almanac.    It  varies  from  W  46"  to  16'  18". 

The  calculation  may  be  thus  set  down  algebraically — 

(  True  altitude = apparent  altitude  —  Dip  (if  the  sea- 1 
<      horizon  has  been  observed)  —  Refraction  =t=  sun's  >  (5.) 
(     semidiameter  +  parallax; j 

Zenith  distance  r=  90°  —  true  altitude, (6.) 

Latitude  (see  Equations  1,  2,  3,  4). 

Equations  1  and  2  are  the  most  frequently  applicable  to  the  sun. 
Equation  3  is  occasionally  applicable  between  the  tropics;  and 
Equation  4  relates  to  observations  made  at  midnight,  in  summer,  in 
the  polar  regiona 

nectiidi  with  it.^Butler  Williams's  FracUccd  Geodesy;  Bruff  On 
Surveying;  Castle  On  Surveying;  Haskell's  Engineering  Field- 
Work :  HaskoU  On  Baihvay  Construction ;  Simms  On  Mathematical 
Instruments;  Simms  On  Levelling;  Simms's  PracHcdl  Tunnelling; 
8ir  Edward  Belcher  On  Marine  Surveying;  Admiralty  Manual  of 
Scientific  Inquiry ^  Article  "Hydrography;"  Raper's  Navigation; 
De  Morgan's  Trigonometry;  Airy's  Trigonometry,  edited  by  Pro- 
fessor Blackburn.  * 


PAET  IL 

OF  MATERIALS  AND  STRUGTUREa 


CHAPTERL 

8CMXABT  or  PBOrCIPLBS  OF  8TABILITT  AND  flTRENGTH. 

SscmoH  L — OfStrucharea  in  General, 

87.  A  Byamii  ooiudfltB  of  portions  of  solid  materials,  put  to- 
gether BO  as  to  preserve  a  definite  form  and  arrangement  of  parts, 
and  to  withstand  external  forces  tending  to  disturb  such  form  and 
anangemenl  As  the  parts  of  a  structure  are  intended  to  remain 
it  rest  relativelj  to  each,  other,  the  forces  which  act  on  the  whole 
i^cturey  and  on  each  of  its  parts,  should  be  balanced^  so  that  the 
medianioEbL  principles  on  which  the  permanence  and  efficiency  of 
Btzuctures  depend  for  the  most  part  belong  to  Statics,  or  the 
sdenoe  of  balanoed  forces. 

The  matenals  of  a  structure  maj  be  more  or  less  stiff,  like  stone, 
timber,  and  metals,  or  loose,  like  earth. 

The  ensuing  chapters  of  this  part  will  be  divided  according  to 
the  materials  of  which  the  structures  they  treat  of  conast  In  the 
present  chapter  are  given  a  summary  of  mechanical  principles  appli- 
cable to  all  structures.  Many  passages  in  it  are  extracted  from  a 
previous  Treatise  on  Applied  MechanicSy  and  abridged  or  amplified 
as  may  be  required,  in  order  to  suit  the  purpose  of  the  present 
Treatisei  Such  passages  are  indicated  by  the  letters  A.  M,y  with  a 
reference  to  l^e  number  of  the  corresponding  Article  in  that 
work 

87a.  Piec»-jr«teii»-0iVFMtt-FMMtatiM«.  (^.if.,129,130).— 
A  strQctnre  consists  of  two  or  more  solid  bodies,  called  its  pieceHf 
which  touch  esfk  other  and  are  connected  at  portions  of  their 
snrfiices  called  joinia.  This  statement  may  appear  to  be  applicable  to 
B^ctores  of  stiff  materials  only;  but,  nevertixeless,  it  comprehends 
masses  of  earth  also,  if  they  are  considered  as  consisting  of  a  very 
gnat  number  of  very  small  pieces,  touching  each  other  at  innumer- 

aUejointa 
AJtbough  the  pieces  of  a  structure  are  fixed  relatively  to  each 
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other,  the  structure  aa  a  whole  maj  be  either  fixed  or  moveable 
relativelj  to  the  earth. 

A  fixed  structure  is  supported  on  a  part  of  the  soUd  material  of 
the  earth,  called  the  foundation  of  the  structure;  the  pressures  bj 
\%hich  the  structure  is  supported,  being  the  resistances  of  the 
various  parts  of  the  foundation,  may  be  more  or  less  oblique. 

A  moveable  structure  may  be  supported,  aa  a  ship,  by  floatiiig  in 
water,  or  as  a  carriage,  by  resting  on  the  solid  ground  through 
wheels.  When  such  a  structure  is  actually  in  motion,  it  partakes 
to  a  certain  extent  of  the  properties  of  a  machine;  and  the  deter- 
mination of  the  forces  by.  which  it  is  supported  requires  the  con- 
sideration of  dynamical  as  well  as  of  statical  principles;  but  when  it 
is  not  in  actual  motion,  though  capable  of  being  moved,  the  pres- 
sures which  support  it  are  determined  by  the  principles  of  statics; 
and  it  is  obvious  that  they  have  their  resultant  equal  and  directly 
opposed  to  the  weight  of  the  structure. 

88.  The  (;«B4itiMM  ef  B^ailikrtaBi  #r «  (Mnicttne  are  the  three 
following(i.  if.,  131):— 

L  That  the  forces  exerted  on  the  whole  etrueture  hy  external  bodies 
shall  balance  each  other, — The  forces  to  be  considered  under  this 
head  are— (1.)  the  Attrttction  of  the  Earth — ^that  is,  the  weight  of 
the  structure;  (2.^  the  External  Load,  arising  from  the  pressures 
exerted  against  tne  structure  by  bodies  not  fonning  part  of  it  nor 
of  its  foundation;  (these  two  kinds  of  forces  constitute  the  gross  or 
total  had))  (3.)  the  Supporting  Pressures^  or  resistance  of  the  founda- 
tion. Those  three  classes  of  forces  will  be  spoken  of  together  as 
the  External  Forces. 

IL  That  tlte  forces  exerted  on  each  piece  of  the  structure  shall 
balance  each  other, — ^These  consist  of— {!.)  the  Weight  of  the  piece, 
and  (2.)  the  External  Load  on  it,  making  together  the  Gross  Load; 
and  (3.)  the  jResistances,  or  forces  exerted  at  the  joints,  between  the 
piece  under  consideration  and  the  pieces  in  contact  with  it. 

III.  That  the  forces  exerted  on  each  of  the  parts  into  which  each 
piece  of  the  structure  can  be  conceived  to  be  divided  shall  balance  each 
oMer.---Suppo8e  an  ideal  sur&ce  to  divide  any  part  of  any  one  of 
the  pieces  of  the  structure  from  the  remainder  of  the  piece ;  the 
forces  which  act  on  the  part  so  considered  are — (1.^  its  weight,  and 
(2.)  (if  it  is  at  the  external  surface  of  the  piece)  tne  external  force 
applied  to  it,  if  any,  making  together  its  gross  load;  (3.)  the  stresSf 
or  force,  exerted  at  the  ideal  sui*faoe  of  division,  between  the  part 
in  question  and  the  other  parts  of  the  piece. 

89.  SiaMlltf,  SiraiClli,  a^  MifiiCM.  {A.  M.,  132,  127).— It  is 
necessary  to  the  permanence  of  a  structure,  that  the  three  fore- 
going conditions  of  equilibrium  should  be  fulfilled,  not  only  under 
one  amount  and  one  mode  of  distribution  of  load,  but  under  all  the 
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wittioDS  of  tihe  load  as  to  amount  and  mode  of  distribation  which 
on  oecor  in  the  nae  of  the  stnictnre. 

Stabdity  oonaists  in  the  fulfilment  of  the  Jimt  and  second  condi- 
tzoos  cf  eqeilibrinm  of  a  stmctare  under  all  yariations  of  the  load 
vithin  given  limits  A  stracture  which  is  deficient  in  stability 
givtt  my  by  the  diq>laoeaient  of  its  pieces  from  their  proper  posi- 

When  a  stmctnrey  or  one  of  its  parts,  is^mft^  like  the  chain  of 
a  suspeDsicm  bridge,  or  in  any  other  way  free  to  move,  its  stability 
consistB  in  a  tendency  to  recover  its  original  figure  and  position 
ifier  having  been  disturbed. 

Stragik  consists  in  the  fulfilment  of  the  third  condition  of  equi- 
libnam  oi  a  stmctare  for  all  loads  not  exceeding  prescribed  limits ; 
Uial  is  to  say,  the  greatest  internal  stress  produced  in  any  part  of 
&QJ  piece  <^  the  structure,  by  the  prescribed  greatest  load,  must  be 
mch  as  the  material  can  bear,  not  merely  without  immediate 
breaking,  but  without  such  injury  to  its  texture  as  might  endanger 
tb  breaking  in  the  course  of  time. 

A  piece  of  a  structure  may  be  rendered  unfit  for  its  purpose,  not 
mndy  by  being  broken,  but  by  being  stretched,  compressed,  bent, 
tvisted,  or  otherwiae  strained  out  of  its  proper  shape.  It  is  neces- 
suy,  therefore,  that  each  piece  of  a  structure  should  be  of  such 
^mauioDs  that  its  alteration  of  figure  under  the  greatest  load 
applied  to  it  shall  not  exceed  given  limits.  This  property  is  called 
<2(^w»,  and  is  so  connected  with  strength  that  it  is  necessary  to 
cooader  them  together. 

SacriOK  II. — SvanmMry  of  the  Prineiplee  of  the  Balance  of  Forces, 
90.  (i.  M.,  12,  13,  17  to  24).— A  v«rce  is  an  action  between 


two  bodies,  either  causing  or  tending  to  cause  change  in  their 
lehtive  rest  or  motion.     MmmanfHmm  or  BalaiMe  is  the  condition 


of  two  or  move  forces  which  are  so  opposed  that  their  combined 
Action  on  a  body  produces  no  change  in  its  rest  or  motion,  and 

^t  each  force  merely  tends  to  cause  such  change,  without  actually 

causing  it^ 

In  treatises  on  statics,  the  word  pressure  is  often  used  to  denote 
AitJ balanced  force;  although,  in  the  popular  sense,  that  word  is 
^  to  denote  a  force,  of  the  nature  of  a  thrust  or  push,  distributed 
o\«t  %  sttrfaoe. 

^e  relation  of  a  force  to  one  of  the  two  bodies  between  which  it 
^  is  determined,  or  made  known,  when  the  following  three 
toiga  are  known  respecting  it: — ^first,  the  placej  or  part  of  the 
^  to  which  it  is  applied;  secondly,  the  direction  of  its  action; 
^^y,  ita  magnitude. 
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I.  The  place  of  the  applicaiion  of  a  force  to  a  body  may  be  the 
whole  or  part  of  its  internal  mass;  in  which  case  tiie  force  is  an 
<Utraction  or  a  repulsiony  according  as  it  tends  to  move  the  bodies 
between  which  it  acts  towards  or  from  each  other;  or  the  place  of 
application  may  be  the  surface  at  which  two  bodies  touch  each 
other,  or  the  bounding  surface  between  two  parts  of  the  same  body, 
in  which  case  the  force  is  a  tension  or  puU,  a  thrust  or  push,  or  a 
lateral  stress,  according  to  circumstance& 

Thus  eveiy  force  has  its  action  distributed  over  a  certain  spao^ 
either  a  volume  or  a  sur&ce ;  and  a  force  concentrated  at  a  single 
point  has  no  real  existence.  Nevertheless,  it  is  necessary,  in  treat- 
ing of  the  principles  of  statics,  to  begin  by  demonstrating  the 
properties  of  such  ideal  forces,  conceived  to  be  concentrated  at 
single  points;  for  the  conclusions  so  arrived  at  respecting  single  forces 
(as  they  may  be  called),  are  applicable  to  the  distributed  forces 
which  reall]^  act  ill  nature. 

In  reasoning  respecting  forces  concentrated  at  single  points,  they 
are  assumed  to  be  applied  to  solid  bodies  which  are  perfectly  rigidy 
or  incapable  of  alteration  of  figure  under  any  forces  which  can  be 
applied  to  them.  This  also  is  a  supposition  not  realized  in  nature; 
but  its  consequences  may  be  applied  to  actual  bodies^  when  their 
alterations  of  figure  are  insensible. 

II.  The  direction  of  a  force  is  that  of  the  motion  which  it 
tends  to  produce.  A  straight  line  drawn  through  the  point  of 
application  of  a  single  force,  and  along  its  direction,  is  the  line  of 
custion  of  that  force. 

III.  The  magnUudes  of  two  forces  are  equal,  when,  being 
applied  to  the  same  body  in  opposite  directions  along  the  same 
line  of  action,  they  balance  each  other. 

A  single  force  may  be  represented  on  paper  by  an  arrow-headed 
straight  line ;  the  commencement  of  the  line  indicating  the  point  of 
application  of  the  force, — the  direction  of  the  line,  the  direction  of 
the  force, — and  the  length  of  the  line,  the  magnitude  of  the  force, 
according  to  an  arbitrary  scale. 

91.  Standard  Unit  ef  Weight.  {A,  M,,  21). — ^The  magnitude  of  a 
force  is  expressed  arithmetically  by  stating  in  numbers  its  ratio  to 
a  certain  tmit  or  standard  of  force,  which  is  usually  the  weight 
(or  attraction  towards  the  earth),  at  a  certain  latitude,  and  at  a 
certain  level,  of  a  known  mass  of  a  certain  material.  Thus  the 
British  unit  of  force  is  the  standard  pound  avoirdupois;  which 
is  the  weight  in  the  latitude  of  London,  and  near  the  level 
of  the  sea,  of  a  certain  piece  of  platinum  kept  in  the  Exchequer 
office.  (See  the  Act  18  and  19  Vict.,  cap.  72;  also  a  paper 
by  Professor  W.  H.  MiUer,  in  the  Philosophical  Transactiom 
for  1856.) 
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Amongst  oUier  unite  of  force  employed  in  Britain  are, — 

The  gndn  =  ^^  of  a  pound  avoirdnpoia 
The  troy  pound  =  5,760  grains  =  0*82285714  pound  aToirdnpoia. 
The  hondrodweight  =  112  pounds  ayoirdupois. 
The  ton  =  2,240  pounds  ayoirdupois. 

The  Kpench  standard  unit  of  force  is  the  gramma^  which  is  the 
^reight^  in  the  latitude  of  Paris,  of  a  cubic  centimetre  of  pure 
Trator,  measured  at  the  temperature  at  which  the  density  of  water 
18  greatest,  viz.,  3^*945  centigrade,  or  39^-1  Fahrenheit,  and  under 
tlie  pressure  which  simports  a  barometric  column  of  760  millimetres 
of  mercoxy — that  is,  29*922  inches. 

A.  comparison  of  French  and  British  measures  of  force  and  of 
sixe  IB  given  in  a  table  at  the  end  of  this  voluma 

92.  mmmMmmi  •TVotcot  Actfag  la  Oae  fltnilflit  Iitae.     {A,  M,^  22). 

— The  BkbuiiTAIIT  of  any  number  of  given  forces  applied  to  one  body, 
ia  a  single  force  capable  of  balancing  that  single  force  which  balances 
"yie  given  forces;  that  is  to  say,  the  resultant  of  the  given  forces  is 
equal  and  directly  opposed  to  the  force  which  balances  the  given 
Coma;  and  ia  egmvalent  to  the  given  forces  so  far  as  the  balance  of 
the  body  is  concerned.  The  given  forces  are  called  components  of 
their  resultants 

The  resultant  of  a  set  of  balanced  forces  is  nothing. 

The  resultant  of  any  number  of  forces  acting  on  one  body  in  the 
flame  skaight  line  of  action,  acts  along  that  line,  and  is  equal  in 
m^poitade  to  the  sum  of  the  component  forces;  it  being  understood, 
that  when  some  of  the  component  forces  are  opposed  to  the  others, 
the  word  "sum*^  is  to  be  taken  in  the  algebnucal  sense;  that  is  to 
say,  that  forces  acting  in  the  same  direction  are  to  be  added  to,  and 
fmes  acting  in  opposite  directions  subtracted  from  each  other. 

Whenasystem  offerees  acting  along  one  straight  line  are  balanced, 
the  sum  of  the  forces  acting  in  one  direction  is  equal  to  the  sum  of 
the  forces  acting  in  the  opposite  direction. 

93.    BfiiliMMt  aadl  Balance  •€  lacUaed  VMrecs.     {A,  M,,  51  to  54). 

— ^The  smaUest  number  of  inclined  forces  which  can  balance  each 
othior  is  threa  Those  three  forces  must  act  through  one  point,  and 
in  one  plane.  Their  relation  to  each  other  depends  on  the  follow- 
ing theorem,  called  the  <'  Pakalleloqram  of  Fobces,"  from  which 
the  whole  science  of  statics  may  be  deduced. 

L  If  two  forces  whose  lines  of  action  traverse  one  point  be  repre- 
sented in  directum  ajid  magnitude  by  the  sides  of  a  pc^aUeloffram, 
tkar  resultant  is  represejUed  by  the  diagoncU, 
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For  example,  througli  the  point  O  (fig.  60)  let  two  foroeB  Act, 
represented  in  direction  and  magnitude  by  O  A  and  O  B.  The  re- 
sultant or  equivalent  single  force  of 
those  two  foi-ces  is  represented  in 
direction  and  magnitude  by  the 
diagonal  O  C  of  the  parallelograni 
O  A  C  B.  Its  magnitude  is  given 
algebraically  by  the  equation. 


Fig.  60. 


OC=>v/  J0A«+0B« 
+  20AOBoosAObI 


0) 


To  balance  the  forces  0  A  and  O  B,  a  force  is  required  equal  and 
directly  opposed  to  their  resultant  0~5  This  may  be  expresBed  by 
sayings  that  if  the  directums  and  magnitudes  of  three  forces  be  repr^ 
sented  by  the  three  Hdea  of  a  triangle  (such  as  OT,  A  C,  C  O),  then 
thoee  ili/ree  forces,  acting  tkrovgh  one  point,  balance  each  other,  or  in 
other  words,  that  three  forces  in  the  same  plane  balance  each  other 
at  one  point,  when  each  is  proportional  to  the  sine  of  the  angle 
between  the  other  two. 

The  following  corollary  from  the  parallelogram  of  forces  is  called 

the  "  POLYGOK  OF  FORCBS  :" — 

ILIfa  nuanber  of  forces  acting  through  the  same  point  be  repre- 
sented by  lines  eqiud  and  parallel  to  t/te 
sides  of  a  dosed  polygon,  those  forces 
balance  each  otlier.  To  hn  the  ideas, 
let  there  be  five  forces  acting  through 
the  point  O  (fig.  61),  and  represented 
in  direction  and  magnitude  by  the 
lines  Fp  F^  F.,  F^  F^,  which  are 
equal  and  imrallel  to  the  sides  of  the 
closed  polygon  0  A  B  C  D  0 ;  via. : — 

Fi  =  andiiOA;  F2  =  andii  AB;  F3  =  andllBC; 

F4  =  and  u  0  D;  F^^and  ii  D  O. 

Then,  by  the  principle  of  the  parallelogram  of  forces,  the  resultant  of 
F.  and  Fg  is  0  B;  the  resultant  of  Fj,  F«,  and  Fg  is  O  C ;  the  re- 
sultant of  F.,  Fg,  Fj,  and  F4  is  O  D,  equal  and  opposite  to  F5,  so 
that  the  final  I'esultant  is  nothing. 

The  closed  polygon  may  be  either  plane  or  "  gauche" — tliat  is, 
not  in  one  plane. 


Fig.  61. 
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III,  FrmeipU  afihe  Feurallelopipedo/Forceg, — ^The  simplest  gauche 
polygon  is  one  of  four  sidea  Let  O  A  B  C  £  F  G  H  (%  62),  be  a 
panUelopiped  whose  diagonal  is  O  H.     Then  x 

any  three  successive  edges  so  placed  as  to  T 

b^^  at  O  and  end  at  H,  form,  together  with 
the  diagonal  H  O,  a  closed  quadrilateral; 
consequently,  if  three  forces  Fp  Fj,  F^  act- 
ii^  through  O,  be  represented  by  the  three 

edges  O  A,  O  B,  O  C,  of  a  parallelopiped, 

the  diagonal  O  H  represents  their  resultant^ 
and  a  fourth  force  F^  equal  and  opposite  to 

OH  halanoes  them.  ^'  ^^* 

94.  »i  ii  nil  III  mff  A  mmrm, — ^I.  IfUo  two  Components.  (A.  M,,  55, 
56). — In  order  that  a  given  single  force  may  be  resolvable  into  two 
components  acting  in  given  lines  inclined  to  each  other,  it  is  neoes- 
saiy,  Jiniy  that  the  lines  of  action  of  those  components  should 
intersect  tiie  line  of  action  of  the  given  force  in  one  point;  and 
mamdlff,  that  those  three  lines  of  action  should  be  in  one  plana 

Returning  then  to  Fig  60,  let  O  C  represent  the  given  force, 
which  it  is  required  to  resolve  into  two  component  forces,  acting  in 
the  lines  0  X,  O  T,  which  lie  in  one  plane  with  O  C,  and  intersect 
it  in  one  point  O. 

Throu^di  C  draw  C  A  i)  O  T,  cutting  O  X  in  A,  and  C  B  ii  O  X, 
cutting  O  T  in  B.  Then  will  O  A  and  O  B  represent  the  com- 
ponent forces  required.  

Two  forces  respectively  equal  to  and  directly  opposed  to  0  A 
and  OB  wai  balance  OTX 

The  magnitudes  of  l^e  forces  are  in  the  following  propovtiona : — 

OC:OA:OB 
::8inAOB:sinBOC:8inAO  C (1.) 

XL  Tnio  three  Components. — In  order  that  a  given  single  force 
ntay  be  resolvable  into  three  components  acting  in  given  lines 
inclined  to  each  other,  it  is  necessary  that  the  lines  of  action  of  the 
components  should  intersect  the  line  of  action  of  the  given  force  in 
one  point  

Beturoing  to  Fig.  62,  let  O  H  represent  the  given  force  which  it 
is  required  to  resolve  into  three  component  forces,  acting  in  the 
lines  0  X,  O  Y,  O  Z,  which  intersect  O  H  in  one  point  O. 

Through  H  draw  three  planes  parallel  respectively  to  the  planes 
YOZ,  Z  O  X,  X  O  Y,  and  cutting  respectively  O  X  in  A,  O  Y  in 
B,  OZm  C.  Then  will  O  A,  OB,  O  0,  represent  the  component 
ibroes  required. 
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Three  forees  respeotiTely  equal  to,  and  directlj  opposed  to  O  A^ 


O  B,  and  O  C,  wiU  balance  OH; 

III.  Rectangular  ComponerUs. — ^The  rectangalar  componen^ts  of 
a  force  are  those  into  which  it  is  resolved  when  the  directionB  of 
their  lines  of  action  are  at  right  angles  to  each  other. 

For  example,  in  fig.  62,  suppose  OX,  O  Y,  O  Z,  to  be  tlrree 

axes  of  co-ordinates  at  right  angles  to  each  other.  Then  O  H  is 
resolved  into  three  rectangalar  components,  O  A,  O  B,  O  C,  siiiiplT 
by  letting  &11  from  H  perpendicuhus  on  O  X,  O  Y,  O  Z,  cuttii^ 
them  at  A,  B,  C,  respectively. 

Let  the  three  rectangular  components  be  denoted  respectively  by 
X,  Y,  Z,  the  resultant  by  R,  and  the  angles  which  it  makes  ^with 
the  components  by  «,  /8,  y,  respectively ;  ^en  the  relations  betvreen 
the  three  rectangular  components  and  their  resultant  are  expressod 
by  the  following  equations  : — 

X  =  Roos«;  Y  =  B  cos/S;  Z  =  Rco8y; (2.) 

R2  =  X«  +  Y2  +  Z«.    (3.) 

When  tlie  resultant  is  in  the  same  plane  with  two  of  its  com- 
ponents  (as  X  and  Y),  the  third  component  is  null,  and  the 
equations  2  and  3  take  tiie  following  form: — 

X  =  Rcos«  =  Rsin/Sj  Y  =  Rco8/3  =  R8in  «;  Z  =  0;...(4.) 

R«  =  X«  +  Y« (5.) 

In  using  equations  2,  3,  4,  and  1^,  it  is  to  be  remembered  that 
cosines  of  obtuse  angles  are  negative. 

ActiagthTOHch  eac  Petnir-^To  find  thisresultant  by  calculation,  assume 
any  three  directions  at  right  angles  to  each  other  as  axes;  resolve 
each  force  into  three  components  (X,  Y,  Z)  along  those  axes,  and  con- 
sider the  components  along  a  given  axis  which  act  in  one  directioii 
as  positive,  and  those  which  act  in  the  opposite  direction  as  nega- 
tive; take  the  algebraical  sums  of  the  components  along  the  three 
axes  respectively  (2  •  X,  2  •  Y,  2  •  Z);  these  will  be  the  rectangular 
components  of  the  resuUant  of  aUtke  forces;  and  its  magnitude  and 
direction  will  be  given  by  the  following  equations :~ 

R2  =  (2-X)2  +  (2-Y)«  +  (2-Z)«; (1.) 

2X         ^    2Y              2Z  ,^, 

oos«=s— p-;  cos/8  =  — ^— ;  cosy  =  — p-—  (2.) 

If  the  forces  all  act  in  one  plane,  two  rectangular  axes  in  that 
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j^e  are  sofficien^  and  the  terms  oontaimng  Z  disappear  from 
the  eqiuttiona. 

If  tbe  forces  balance  each  other,  the  components  parallel  to  each 
axis  hahmoe  each  other  independently;  that  is  to  say,  the  three 
fbUoving  conditions  are  fulfilled : — 

2-X  =  0;  2-Y  =  0;  2-Z  =  0 (3.) 

If  the  fixroes  all  act  in  one  plane,  these  oondiHonB  qf  ejuUibrium 
are  reduced  to  two. 

96.  W>— Ift  wJ  Wm^mmtm  m€  C««pto>*  {A.  M,,  25  to  37).— Two 
forces  of  eqoal  magnitude  applied  to  the  same  body  in  parallel  and 
opfnaite  directions^  but  not  in  the  same  line  of  action  (such  as 
F,  F,  in  fig.  63),  constitute  what  is  called  a  '*  coitple»" 

The  arm  or  leverage  of  a  couple  (L,  fig.  63)  is  the  perpendicular 
distance  between  the  lines  of  action  of  the  two  equal  forces. 

The  tendency  of  a  couple  is  to  turn  the  body  to  which  it  is 
applied  in  the  plane  of  the  couple — ^that  is,  the  plane  which  con- 
tanis  the  fines  of  action  of  the  two 
forces  (The  plane  in  which  a  body 
ttms  is  any  plane  parallel  to  those 
planes  in  the  body  whose  positian  is  not  ^ 
aHeied  by  the  turning).  The  turning 
oC  a  body  is  said  to  be  righ^handed 
▼hen  it  appears  to  a  spectator  to  take  *        FUc  63 

plaoe  in  the  same  direction  with  that  of  ^^' 

the  hands  of  a  watch,  and  lefUhanded  when  in  the  opposite  direction ; 
ind  couples  are  designated  as  right-handed  or  lefi-handed  according 
to  the  direction  of  Uie  turning  which  they  tend  to  produce.  The 
toa^  represented  in  fig.  63  appears  right-handed  to  the  reader. 

The  Moment  of  a  couple  means  the  product  of  the  magnitude  of 
its  force  by  the  length  of  its  aim  (F  L);  and  may  be  represented 
by  the  area  of  a  redbangle  whose  sides  are  F  and  L.  If  the  force 
he  a  certain  number  of  pounds,  and  the  arm  a  certain  number  of 
^sdy  the  product  of  those  two  numbers  is  called  the  moment  in 
fiiot-poundsy  and  similarly  for  other  measures.  The  moment  of  a 
ooaple  may  also  be  represented  by  a  single  line  on  paper,  by  setting 
off  upon  its  axis  (that  is,  upon  any  line  perpendicular  to  the  plane 
of  the  couple)  a  length  proportional  to  that  moment  (0  M,  fig.  63^ 
in  audi  a  direction,  that  to  an  observer  looking  &om  M  towards  O 
the  couple  shall  seem  right-handed. 

The  following  principle  is  the  groundwork  of  the  theoiy  of 
couples.  It  may  also  be  made  the  groundwork  of  the  whole  science 
(^statics,  instead  of  the  principle  of  the  parallelogram  of  forces; 
for  each  of  those  two  principles  is  a  necessaiy  consequence  of  the 
other. 
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L  If^  moments  of  two  eoupUa  ading  in  tlta  same  direcHon 
in  the  same  or  parallel  planes  are  equal,  those  couples  are 
that  is,  their  tendendes  to  turn  the  body  to  which  they     &r< 
applied  are  the  8am& 

The  following  propositions  are  the  chief  consequences  of  tL< 
principle  just  stat^ 

II.  The  resultant  of  any  number  of  couples  acting  in  the  same 
or  parallel  planes  is  equivalent  to  a  couple  whose  moment  is  tli€ 
algebraical  sum  of  the  moments  of  the  combined  couples. 

III.  Two  opposite  couples  of  equal  moment  in  the  same  or 
parallel  planes  balance  each  other.  Any  number  of  couples  in  the 
same  or  parallel  planes  balance  each  other  when  the  moments  of 
the  right-handed  couples  are  together  equal  to  the  moments  of  the 
left-huided  couples;  in  other  words,  when  the  resultant  moment  is 
nothiug — a  condition  expressed  algebraically  by 

2FL=0 (1.) 

rV.  If  the  two  sides  of  a  parallelogram  represent  the  axes  and 
moments  of  two  couples  acting  on  the  same  body  in  planea  in- 
clined to  each  other,  the  diagonal  of  the  parallelogram  will  repre- 
sent the  axis  and  moment  of  ^e  resultant  couple,  which  is  equiva- 
lent to  those  two. 

In  other  words,  three  couples  represented  by  the  three  sides  of  a 
triangle  balance  eabh  other. 

y.  If  any  number  of  couples  acting  on  the  same  body  be  r^re- 
sented  by  a  series  of  lines  joined  end  to  end,  so  as  to  form  sides  of 
a  polygon,  and  if  the  polygon  is  dosed,  those  couples  balance  each 
other. 

These  propositions  are  analogous  to  ooiresponding  propositions 
relating  to  single  forces;  and  couples,  like  single  forces,  can  bo 
resolved  into  components  acting  about  two  or  three  given  axes. 

97.   BMiauiat  mmA  BabwM  cf  PatmUd  F«wm.    {A,  M,y  38  to  47). 

— A  balanced  system  of  parallel  forces  consists  either  of  pairs  of 
directly  opposed  equal  forces,  or  of  couples  of  equal  forces^  or  of 
combinations  of  such  pairs  and  couples. 

Hence  the  following  propositions  as  to  the  relations  amongst  the 
magniJbudes  of  systems  of  parallel  forces. 

I.  In  a  balanced  system  of  parallel  forces  the  sums  of  the  fbroes 
acting  in  opposite  directions  are  equal ;  in  other  words,  the  alge- 
braical sum  of  the  magnitudes  of  all  the  forces  taken  with  their 
proper  signs  is  nothing. 

II.  The  magnitude  of  the  resultant  of  any  combination  of  par- 
allel forces  Is  the  algebraical  sum  of  the  magnitudes  of  the  forcea 

The  relations  amongst  the  positions  of  the  lines  of  action  of 
balanced  parallel  forces  remain  to  be  shown;  and  in  this  inquiry 
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ail  purs  of  dirDctly  opposed  equal  forces  may  be  left  oat  of  oon- 
sideimtion;  for  each  such  pair  is  independently  balanced  whatso- 
ever its  position  may  be;  so  that  the  question  in  each  case  is  to 
be  solired  by  means  of  the  theoiy  of  couples. 
The  following  is  the  simplest  case : — 

ILL  yBtoiipiti  w  ukm  Mjmn9.^I/ three  paraUdforcee  applied  io  (me 

body  hmlanoe  each  eiher,  tJkm^ 

ffistisf  be  m  one  plane;  the  two 

ejiione  Jbroee  muei  act  in  the 

mxme  dinetion;  the  middle  force 

fwat  act  in  the  opposite  airee- 

twa;  and  the  magnitude  of  each 

fvrte  must  he  proportianal    to 

&e  dielance  between  the  linee  of 

action  of  Ae  other  two.     Let 

a  body  \p%.  64)  be  maintained 

in  equilibrio   by  two  opposite  ^* 

eouples  acting  in  the  same  plane,  and  of  equal  moments, 

F^  La  «  F»  L|., 

and  let  thoee  couples  be  so  applied  to  the  body  that  the  lines  of 
action  of  two  of  those  forces,  —  F^  —  F^,  which  act  in  the  same 
direction,  shall  coincida  Then  those  two  forces  are  equivalent  to 
the  aingie  middle  force  Fo  =  —  (Fj^  +  F^),  equal  and  opposite  to  the 
sum  of  the  extreme  forces  +  F^^  +  F^,  and  in  the  same  plane  with 
them;  and  if  the  straight  line  A  C  B  be  drawn  perpendicular  to 
the  lines  of  action  of  the  forces,  then 


AC  =  L4;  CB=L,;  AB^L^-i-Lb; 


and  consequently 


Fa  :Fa:Fo  :  :  AC  lOB:  AB; 


(!•) 


This  proposition  holds  also  when  the  straight  line  A  C  B  crosses 
the  lines  of  action  of  the  three  forces  obliquely. 

ly.  The  resultant  of  any  two  of  the  three  forces  F^  F^,  F^  is 
equal  and  opposite  to  the  third. 

In  order  that  two  opposite  parallel  forces  may  have  a  single 
resdtant,  it  is  necessary  that  they  should  be  unequal,  the  resultant 
being  their  difierence.  Should  they  be  equal,  they  constitute  a 
couple,  which  Las  no  single  resultant 

T.  BesuUant  of  a  Covple  and  a  Single  Force  in  FaraUd  FlaiMs. — 
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Let  M  denote  tlie  monleat  of  a  couple  applied  to  a  body  {^  60)  j 

and  at  a  point  O  let  a  idn^l^ 
force  F  be  applied,  in  a  pl&zie 
parallel  to  that  of  the  coaplen 
For  the  given  couple  aubstdtut^ 
an  equivalent  couple,  conaistuig 
of  a  force  —  F  equal  and  directly 
opposed  to  F  at  O,  and  a  foroq 
F  acting  through  the  point  A^ 

the  arm  A  O  perpendicular  t<^ 

^^'  ^*-  F  being  =  ^,  and  parallel     to 

the  plane  of  the  couple  M.  Then  the  forces  at  O  balance  ectcli 
other,  and  F  acting  through  A  is  the  resultant  of  the  single  force 
F  applied  at  O,  and  the  couple  M;  that  is  to  saj,  that  Sf  with  a 
single  force  F  there  be  combined  a  couple  M  whose  plane  is  parallel 
to  tiie  force,  the  effect  of  that  combination  is  to  shift  the  line  of 

action  of  the  force  parallel  to  itself  throiu4i  a 

M 
distance  O  A  =  ^ ; — ^to  the  left  if  M  is  right- 
handed — ^to  the  right  if  M  is  left-handed. 

YI.  Moment  of  a  Force  wUh  respect  to  an 
Axis, — ^In  fig.  66y  let  the  straight  line  F  repre- 
sent a  force.  Let  O  X  be  anj  straight  line 
perpendicular  in  direction  to  the  line  of  action 
of  the  force,  and  not  intersecting  it,  and  let  A  B 
be  the  common  perpendicular  of  those  two  linea 
At  B  conceive  a  pair  of  equal  and  directly  op* 
posed  forces  to  be  applied  in  a  line  of  action 
parallel  to  F,  viz.:  F  =  F,  and~F= -F.  The 
supposed  application  of  such  a  pair  of  balanced 
forces  does  not  alter  the  statical  condition  of  the 
body.  Then  the  original  single  force  F,  applied 
in  a  line  traversing  A,  is  equivalent  to  the  force  F  applied  in  a  line 
traversing  B,  the  point  in  O  X  which  is  nearest  to  A,  combined 
with  the  couple  composed  of  F  and  —  F,  whose  moment  is  F  -  A  R 
This  is  called  the  moment  oft^ie  force  F  rdativdy  to  the  axis  O  X, 
and  sometimes  also,  the  m^mient  of  the  force  F  rdativdy  to  the 
pUme  traversing  O  X,  parallel  to  the  line  of  action  of  the  force. 

If  from  the  point  B  there  be  drawn  two  straight  lines  B  D  and 
B  £,  to  the  extremities  of  the  line  F  representing  the  force,  the 

area  of  the  triangle  B  D  E  being = ^  F  *  A  B,  represents  one-half  of 
the  moment  of  F  relatively  to  O  X. 
YIL  Balance  of  any  System  of  ParaUd  Forces  in  One  PUmei — 


Fig.  66. 
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la  order  iluit  any  ajBtem  of  parallel  foroea  whose  lines  of  action 
are  in  one  j^aiifi  ma j  baJanee  eacli  other,  it  is  necessary  and  soffi- 
dent  tiuit  die  foHowing  conditions  should  be  fulfilled : — 

f*rM — (As  already  stated)  that  ^e  algebraical  som  of  the  forces 
shall  be  nothing: — 

SeoomSy — ^That  the  algebraical  sum  of  the  moments  of  the  forces 
relati^vely  to  any  axis  perpendicular  to  the  plane  in  which  they  act 
shall  be  nothing, 

two  oonditions  which  are  expressed  83rmbo]icaUy  as  follows : — 
Let  F  denote  any  one  of  the  forces,  considered  as  potdtiye  or  negar 
tiYe,  aooording  to  Hie  direction  in  which  it  acts;  let  y  be  the  per- 
pendicalar  distance  of  the  line  of  action  of  this  force  from  an 
arbitrarily  assumed  axis  O  X,  y  also  being  considered  as  positiye  or 
negpLtiv^  according  to  its  direction;  then, 

2F  =  0;  2yF  =  a (2.) 

In  snnuning  moments,  right-handed  couples  are  usually  considered 
as  pontiTe,  and  left-handed  couples  as  negative. 

VULL  Let  B  denote  the  rmUtant  of  any  fvumJber  of  paralld 
forces  m  one  pLame,  and  y^y  the  distance  of  the  line  of  action  of  that 
resdtant  from  the  assumed  axis  O  X  to  which  the  positions  of  forces 
aiere&Red;  then, 

R  =  2F; 

2yF 


Li  some  cases,  the  forces  may  have  no  single  resultant,  2*F 
being  =0;  and  then,  unless  the  forces  balance  each  other  com- 
}detely,  their  resultant  is  a  couple  of  the  moment  2  *  y  F. 

LS.  Balance  of  amy  Syetem  of  ParaUd  Forces, — Li  order  that 
any  system  of  parallel  forces,  whether  in  one  plane  or  not,  may 
balance  each  otiier,  it  is  necessaiy  and  sufficient  that  the  three 
fpllowing  conditions  should  be  fuL^led : — 

Fint — (As  already  stated)  that  the  algebraical  sum  of  the  forces 
shall  be  nothing : — 

Secondly  and  Thirdly — That  the  algebraical  sums  of  the  moments 
of  the  forces,  relatively  to  a  pair  of  axes  at  right  angles  to  each 
odier,  and  to  the  lines  of  action  of  the  forces,  shaU  each  be  nothing, 

two  conditions  which  are  expressed  symbolically  as  follows : — 
Let  OX  and  O  Y  denote  the  pair  of  axes;  let  F  be  the  magnitude 
of  any  one  of  the  forces;  y  its  perpendicular  distance  from  O  X, 
ind 2 its  perpendicular  distance  fi*om  O  Y;  then, 

2-F«0;  2-yF  =  0;  2-»F  =  0; (3.) 
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X.  Let  R  denote  the  reaitlMnt  of  any  system  (^  paralld  Joros^ 
and  x^  and  y^  the  distances  of  its  line  of  action  &om  two  rectangal&j 
axes;  then, 

R=SF;  «v=%^;  yr=^ i^y 

In  some  cases  the  fbroes  may  have  no  single  resultant,  2*1 
being = 0 ;  and  then,  unless  the  forces  balance  each  other  completely  j 
their  resultant  is  a  couple,  whose  axis,  direction,  and  moment^  ax>i 
found  as  follows : — 

Let  M,=2.yFj  M,=:=-2.a;F; 

be  the  moments  of  the  pair  of  partial  resultant  couples  about  tli€ 
axes  O  X  and  O  Y  respectively.  From  O,  along  those  axes,  aet  o^ 
two  lines  representing  respectively  M^  and  M,;  that  is  to  say,  pro- 
portional to  those  moments  in  len^^th,  and  pointing  in  the  directioi] 
from  which  those  couples  must  respectively  be  viewed  in  order  th&t 
they  may  appear  right-handed.  Complete  the  rectangle  'whose 
sides  are  those  lines;  its  diagonal  will  represent  the  axis,  direction, 
and  moment  of  the  final  resultant  couple.  Let  M,.  be  the  moment 
of  this  couple;  then, 

M,=  y/|m!+M;J; (5.) 

aud  if  ^  be  the  angle  which  its  axis  makes  with  O  X, 

M 

cos^=^. (6.) 

98.  The  Centra  ef  Psmllel  Vwc^n  (A.  M.,  49,  60)  Ib  the  single 
point  referred  to  in  the  following  principle,  llie  forces  to  wliich 
that  principle  is  applied  are  in  general  either  weights  or  pressures; 
and  the  point  in  question  is  then  called  the  Centre  ofGramUy  or 
the  CenJl/re  qfPreseurey  as  the  case  may  be. 

If  there  he  given  a  system  of  pointSy  and  the  mutual  ratios  of  a 
system  of  parallel  forces  appUea  to  those  points,  which  forces  have  a 
single  resultant,  then  there  is  one  point,  and  one  only,  which  is  tra- 
versed  by  the  line  of  action  of  the  resultant  of  every  system  of  parallel 
forces  having  the  given  mutual  ratios  tmd  applied  to  the  given  syetem 
of  points^  whatsoever  may  he  the  ahsolute  magnitudes  of  those  forces, 
and  the  cmgular  position  of  their  lines  of  action. 

The  position  of  that  point  is  found  as  follows: — 

Let  O  in  fig.  67  be  any  convenient  point,  taken  as  the  origin  of 
co-ordinates,  and  OX,  O  T,  O Z,  three  axes  of  co-ordinates  at 
right  angles  to  each  other. 
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Let  A  \»  any  one  of  the  pointB  to  which  the  system  of  parallel 
forces  in  qaestirai  are  aj^lied.  From  A  draw  x  parallel  to  O  X^ 
and  perpendicolar  to  the  plane  Y  Z, 
p  parallel  to  O  Y,  and  perpendicular 
to  the  plane  Z  X,  aad  z  parallel  to 
O  Z,  and  perpendicular  to  the  plane 
X  Y.  ^y,  and  z  are  the  rectanga* 
lar  oo-ordinates  of  A,  which,  h^ng 
known,  the  position  of  A  is  deter- 
mined.     Let   F  denote  either   the 

magnitade  of  the  force  applied  at  A, 

or  any  magnitade  proportional   to 

that  magnitnda     x,y,  z,  and  F  are 

supposed  to  be  known  for  every  point  of  the  given  system  of 

points. 
Pinif  oonoeiTe  all  the  parallel  forces  to  act  in  lines  parallel  to 

the  plane  Y  Z.     Then  the  distance  of  their  resultant,  and  of  the 

centre  of  parallel  forces  from  that  plane  is 


Fig.  67. 


av= 


2j«F 
2-F  • 


(1.) 


Secondly,  oonceive  all  the  parallel  forces  to  act  in  lines  parallel 
to  the  plane  Z  X.  Then  the  distance  of  their  resultant,  and  of  the 
centre  of  parallel  forces  from  that  plane  is 


.2yF 


(2.) 


Thirdly,  conceive  all  the  parallel  forces  to  act  in  lines  parallel  to 
the  plane  X  Y.  Then  the  distance  of  their  resultant,  and  of  the 
centre  of  parallel  forces  from  that  plane,  is 


av=-v 


2«F 


2-F 


(3.) 


If  the  forces  have  no  single  resultant,  so  that  2  -  F  =  0,  there  is 
no  centre  of  parallel  forces.  This  may  be  the  case  with  pressures, 
but  not  with  weights. 

If  the  parallel  forces  applied  to  a  system  of  points  are  all  equal 
and  m  the  same  direction,  it  is  obvious  that  die  distance  of  the 
centre  of  parallel  forces  from  any  given  plane  is  simply  the.  mean 
of  the  distances  of  the  points  of  the  system  from  that  plane. 

99.  Meamhmmt  wmd  Bateoce  ef  any  Ssratem  •f  V«rc«a  in  Omm  Pfauie. 

(A,  M.f  59\ — ^J^^  *^®  plane  be  that  of  the  axes  O  X  and  O  Y  in 
&g,  67 '  and  in  looking  from  Z  towards  O,  let  Y  lie  to  the  right  of 
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X,  SO  that  rotation  from  X  towards  T  shall  be  right-banded  Let 
X  and  y  be  the  oo-ordinates  of  the  point  of  application  of  one  of  the 
forces,  or  of  any  point  in  its  line  of  action,  relatiyelj  to  the  assumed 
origin  and  axes.  Besolve  each  force  into  two  rectangular  com- 
ponents X  and  Y,  as  in  Article  94,  p.  137;  then  the  rec- 
tangular components  of  the  resultant  are  2  *  X  and  2*7;  its 
magnitude  is  given  by  the  equation 

R»=(2-X)«+(S-T),  (1.) 

and  the  angle  «p  which  it  makes  with  0  X  is  found  by  the  equations 

2X     .            2Y  ,^. 

cos«^=  -=p-;  8in«i,  =  -,g— (2.) 

This  angle  is  acute  or  obtuse  according  as  2  *  X  is  positiye  or  nega- 
tive; and  it  lies  to  the  right  or  lefb  of  O  X  according  as  2  *  Y  is 
positive  or  n^ative. 

The  resultant  moment  of  the  system  of  forces  about  the  axis 
OZis 

M  =  2(ajY-yX), (3.) 

and  is  right  or  left-handed  according  as  M  is  positive  or  negative. 
The  perpendicular  distance  of  the  resultant  force  B  fiK>m  O  is 

i-^l (*•) 

Let  av  and  y,  be  the  co-ordinates  of  any  point  in  the  line  of 
action  of  that  resultant;  then  the  equation  of  that  line  is 

«,2Y-y,2X  =  M. (5.) 

If  M=0,  the  resultant  acts  through  the  origin  O;  if  M  has 
magnitude,  and  B  =  0  (in  which  case  2  '  X  =  0,  2  '  Y  =  0)  the 
resultant  is  a  couple.  The  conditions  of  equilibrium  of  the  system 
of  forces  are 

2-X=:0;  2-Y=:0;  M  =  0 (6.) 

100.  BcsBlteBt  and  Balaace  of  any  Syatem  •f  Fmpms.  (A,  M,y  60.) 
— ^To  find  the  resultant  and  the  conditions  of  equilibrium  of  any 
system  of  forces  acting  through  any  system  of  points,  the  forces 
and  points  are  to  be  referred  to  three  irectangular  axes  of  co- 
ordinates. 
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As  befofe,  let  O  in  %.  67,  p.  145,  denote  liie  origin  of  oo- 
oFdiuatea,  and  O  X,  O  Y,  O  Z,  the  three  reotangnlar  axes;  and 
let  them  be  ammged  so  that  in  looking  from 

X]  [Y  towards  Z  \ 

Y  >  towards  O,  rotation  firom  <  Z  towards  X  > 
Z)  (X  towards  Yj 

shsD  appear  right-handed. 

Let  X,  Y,  Z,  doiote  the  rectangular  components  of  any  one 
of  the  foroes;  x,  y,  Zy  the  co-ordinates  of  a  point  in  its  Ime  of 
actioiL 

Taking  the  algebraical  sums  of  all  the  forces  which  act  along 
the  same  axes,  and  of  all  the  couples  which  act  round  the  same 
axes,  the  ax  following  quantities  are  found,  which  compose  the 
resultant  of  the  given  system  of  forces  :-^ 


2-X;  2-Y;  2-Z;  (L) 


about  OX;  M,  =  2(yZ-^ 

OY;  M,=:2(«X~a;Z);V (2.) 

0Z;M,  =  2(a;Y 


Hie  three  forces  are  equivalent  to  a  single  force 

R=:>^|(2-X)2  +  CS-Y)2  +  (2-Z)2}, (3.) 

acting  through  O  in  a  line  which  maikes  with  the  axes  the  angles 
given  by  the  equations 

2-X          ^     2-Y                 2-Z  ... 

008-=-^;  008^  =  -^;  cosr  =  ^^ (4.) 

The  three  couples  M^  M^  M,,  are  equivalent  to  one  couple, 
vhose  niagnitade  is  given  by  the  equation 

M  =  ^(Mf  +  MJ+31J), (5.) 

uidvhoeeazis  makes  with  the  axes  of  co-ordinates  the  angles  giveu 
by  the  equations 

cosx=^;  cos ;*  =  "•;  coSf  =  j^, (6.) 

in  which  i  m  I  ^^^^^  respectively  the  angles  j  q  v  I 
I  '^  fmade  by  the  axis  of  M  with  j  q  ^  \ 
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The  CcnditMna  of  JSquilibriurn  of  the  sysieia  of  foioes  may  l« 
expreased  in  either  of  the  two  following  forms : — 

2-X=:0;2'Y=:0;2-Z  =  0;M  =0;M  =0;M,==0;  (7.) 

or  R  =  0;  M=0 (a) 

When  the  system  is  not  balanced,  its  resultant  may  fall  under 
one  or  other  of  the  following  cases : — 

Case  I. —  When  M  =  0^  the  resultant  is  the  single  force  R  acting 
through  0. 

Case  1L — When  the  aade  ofM.  is  at  right  tmglee  to  the  direction  of 
B^ — a  case  expressed  by  the  following  equation : — 


cos  •co8X  +  oos/8cosf*  + cosy  cos  »  =  0;  «...  (9.) 

the  resultant  of  M  and  K  is  a  single  force  equal  and  parallel  to  K, 
acting  in  a  plane  perpendicular  to  the  axis  of  M^  and  at  a  perpen- 
dicular distance  from  0  given  by  the  equation 

^-l • ao) 

Case  UL — When  B  =  0,  there  is  no  single  resultant;  and  the 
only  resultant  is  the  couple  M. 

Case  IY. — When  the  axis  ofhl  is  fo/raUd  to  the  line  ofwiiofn  of  R, 
that  is,  when  either 

X  =  »;  ^=:^;  ,  =  y, (11.) 

or  x=  -  «;  f*=  -  /8;  *=  -  y;  (12.) 

there  is  no  single  resultant;  and  the  system  of  forces  is  equivalent 
to  the  force  R  and  the  couple  M,  being  incapable  of  being  fEurther 
simplified. 

Case  Y. — Wh&n  the  axis  of  M  is  oblique  to  the  direction  qfB., 
making  with  it  the  angle  given  by  the  equation 

oos^£=cos  xcos<i  +  cos^  C0S/3+C0S  9  cos  y,....  (13.) 

the  couple  M  is  to  be  resolved  into  two  rectangular  components, 
viz: — 

M  sin  ^  round  an  axis  perpendicular  to  R,  and  in  1 
the  plane  containing  the  direction  of  R  and  of  I  ^^.  . 
the  axis  of  M;  T  1^4.) 

M  cos  ^  round  an  axis  parallel  to  R  J 

The  lorce  R  and  the  couple  M  sin  ^  are  equivalent,  as  in  Case 
1J.>  to  a  single  force  equal  and  parallel  to  R,  whose  line  of  action 
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s  in  a  plane  perpendicular  to  that  containing  R  and  the  axis  of 
My  and  whose  perpendicular  distance  from  O  is 

L  =  ^ (15.) 

The  couple  M  cos  I,  whose  axis  is  parallel  to  the  line  of  action  .of 
R,  is  incapable  of  further  combination. 

Henoe  it  appears  finaUy,  that  eveiy  system  of  forces  which  is  not 
self-balanced,  is  equivalent  either,  (A);  to  a  single  force,  as  in  Gases 
L  and  IL  (B);  to  a  couple,  as  in  Case  ILL  (C);  to  a  force,  com- 
bined with  a  couple  whose  axis  is  parallel  to  the  line  of  action  of 
the  force,  as  in  Gases  IV.  and  Y.  This  can  occur  with  inclined 
forces  onlj;  for  the  resultant  of  any  number  of  parallel  forces  is 
^ihor  a  single  force  or  a  couple. 

101.  PuidM  Pr^iMtlMM  Mr  TraMf«nMlMM  la  mtmMUm.    {A.   M., 

61  to  66.) — ^If  two  figures  be  so  related,  that  for  each  point  in  one 
there  is  a  corresponding  point  in  the  other,  and  that  to  each  pair  of 
equal  and  parallel  lines  in  the  one  there  corresponds  a  pair  of 
epal  and  parallel  lines  in  the  other,  those  figures  are  said  to  be 
PARALLEL  PBOJEcnoiira  of  cach  other. 

The  relation  between  such  a  pair  of  figures  is  expressed  algebrai- 
call  J  as  follows : — ^Let  any  figure  be  referred  to  axes  of  coordinates, 
^diether  rectangular  or  oblique;  let  Xy  y,  z,  denote  the  co-ordinates 
cf  any  point  in  it,  which  may  be  denoted  by  A :  let  a  second  figure 
be  Gtmstrueted  from  a  second  set  of  axes  of  co-ordinates,  either 
agr^ing  with,  or  differing  from,  the  first  set  as  to  rectangularity 
or  ohliquity ;  let  a/,  y,  z',  be  the  co-ordinates  in  the  second  figure, 
of  the  point  A'  which  corresponds  to  any  point  A  in  the  first  figure, 
and  let  those  co-ordinates  be  so  related  to  the  co-ordinates  of  A, 
that  for  each  pair  of  corresponding  points,  A,  A',  in  the  two  figures, 
the  three  pairs  of  corresponding  co-ordinates  shall  bear  to  each 
oUkt  three  constant  ratios,  such  as 

—  =:a;-^=zb;  -  =  c; 
X  y  z 

then  are  those  two  figures  parallel  projections  of  each  other. 

For  example,  all  circles  and  ellipses  are  paraUel  projections  of 
each  other;  so  are  all  spheres,  spheroids,  and  ellipsoids;  so  are  all 
triangles;  so  are  all  triangular  pyramids;  so  are  all  cylinders;  so 
areaUconesL 

The  following  are  the  geometrical  properties  of  parallel  projec- 
tions which  are  of  most  importance  in  statics : — 

I.  A  parallel  projection  of  a  system  of  three  points,  lying  in 
one  stnught  line  and  dividing  it  in  a  given  proportion,  is  also  a 
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eystem  of  three  points,  lying  in  one  straight  line  and  dividing  it  io 
the  same  proportion. 

11.  A  paxullel  projection  of  a  STstem  of  parallel  lines  whose 
lengths  b^  given  ratios  to  each  other,  ib  also  a  system  of  parallel 
lines  whose  lengths  bear  the  same  ratios  to  each  other. 

IIL  A  parallel  projection  of  a  closed  polygon  is  a  closed 
polygon. 

IV .  A  parallel  projection  of  a  parallelogram  is  a  parallelogram. 

Y.  A  parallel  projection  of  a  parallelopiped  ia  a  parallelopiped. 

VI.  A  parallel  projection  of  a  pair  of  parallel  plane  surfaces, 
whose  areas  are  in  a  given  ratio,  is  also  a  pair  of  parallel  place 
8ur£Bu;es,  whose  areas  are  in  the  same  ratio. 

YII.  A  parallel  projection  of  a  pair  of  volumes  having  a  given 
ratio,  is  a  pair  of  volumes  having  the  same  ratia 

The  following  are  the  mechanical  properties  of  parallel  projec- 
tions in  connection  with  the  principles  set  forth  in  this  section : — 

YIII.  If  two  systems  of  points  be  parallel  projections  of  each 
other;  and  if  to  each  of  those  systems  there  be  appHed  a  system  of 
parallel  forces  bearing  to  each  other  the  same  system  of  ratios,  then 
the  centres  of  pcvnUld  forces  for  those  two  systems  of  points  will  be 
parallel  projections  of  each  other,  mutually  related  in  the  same 
manner  with  the  other  pairs  of  corresponding  points  in  the  two 
systems. 

IX.  If  a  hcUcmced  system  of  forces  acting  through  any  system  of 
points  be  represented  by  a  system  of  lines,  then  will  any  parallel 
projection  of  that  system  of  lines  represent  a  balanced  system  of 
forces;  and  if  any  two  systems  of  forces  be  represented  by  lines 
which  are  parallel  projections  of  each  other,  the  lines,  or  sets  of 
lines,  representing  their  restdtanJts,  are  corresponding  parallel  pro- 
jections of  each  other, — it  being  observed  that  couples  are  to  be 
represented  by  pairs  of  lines,  as  pairs  of  opposite  forces,  or  by  areas, 
and  not  by  single  lines  along  their  axe& 

Sbction  IIL — Of  Distributed  Forces, 

102.  DlNtribatod  F«re«i  la  CiMMnd.  {A.  M.,67f  68.) — ^In  Article  90, 
p.  133,  it  has  already  been  explained,  that  the  action  of  every  real 
force  is  distributed  throughout  some  volume,  or  over  some  surface. 
It  is  always  possible,  however,  to  find  either  a  single  resuUanlf  or  a 
resiUtant  couple,  or  a  combincUion  of  a  single  force  vnth  a  couple,  to 
which  a  given  distributed  force  is  equivalent,  so  far  as  it  afiects  the 
equilibrium  of  the  body,  or  part  of  a  body,  to  which  it  is  applied 

In  the  application  of  Mechanics  to  Structures,  the  only  force  dis- 
tributed throughout  the  volume  of  a  body  which  it  is  necessary  to 
consider,  is  its  weight,  or  attraction  towards  the  earth;  and  tlie 
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bodies  ooiuddered  are  in  every  instance  so  small  as  compared  with 
the  earth,  that  this  attraction  may,  without  appreciable  error,  be 
held  to  act  in  parallel  directions  at  each  point  in  each  body.  More- 
over, the  forces  distributed  over  sur&ces  are  either  parallel  at  each 
point  of  their  sur&ces  of  applicatioii,  or  capable  of  being  resolved 
into  aets  of  parallel  forces;  hence,  parcUld  distribtUed  forces  have 
akae  to  be  considered ;  and  every  such  force  is  statically  equivalent 
dthet  to  a  single  resultant,  or  to  a  resultant  couple. 

The  Intennt^  of  a  DiairUmeed  Force  is  the  ratio  which  the  magni- 
tude of  that  force,  expressed  in  imits  of  weight,  bears  to  the  space 
over  which  it  is  distributed,  expressed  in  imits  of  volume,  or  in 
units  of  soi&ce,  as  the  case  may  be.  An  unit  oflntensitf/  is  an 
unit  of  force  distributed  over  an  unit  of  volume  or  of  sui&oe,  as 
tike  case  may  be;  so  that  there  are  two  kinds  of  units  of  intensity. 
Fcr  example,  onepoundper  oMcfoot  is  an  unit  of  intensity  for  a 
Ibrce  distributed  throughout  a  volume,  such  as  weight ;  and  one 
p(mnd  per  equof^foot  is  an  unit  of  intensity  for  a  force  distributed 
OTFT  a  suriaoe,  such  as  pressure  or  friction. 

103.  wdshc— SpecUc  dravitir.  (A.  if.,  69.)— The  inieMUy  of  the 
wd^  of  a  body  is  expressed  either  by  stating*  how  many  units  of 
vex^t  are  contained  in  an  unit  of  volume  ^or  example,  pounds 
avoirdnpois  in  a  cubic  foot^  or  in  a  cubic  inch),  or  by  stating  the 
ratio  which  the  weight  of  a  given  volume  of  the  body  bears  to  the 
▼e^t  of  the  same  voliune  of  a  standard  substance  (pure  water) 
under  a  standard  pressure  (the  average  atmospheric  pressure  of 
14-7  lbs.  on  the  square  inch)  and  at  a  standard  temperature  (which 
in  Britain  is  62^  Fahrenheit,  and  in  France,  the  temperature  at 
vhich  water  is  most  dense,  or  ^^'\  Fahr.  =  3°-945  Cent).  The 
las^mentioned  ratio  is  called  the  ^*Specyic  Ghravity**  of  the  body. 
For  tiie  weight  of  a  cubic  foot,  there  is  no  single  term  in  English : 
it  might  perhaps  be  called  "heaviness;"  Siat  being  a  word 
▼hich  at  present  is  not  appropriated  to  any  scientific  purpose. 
According  to  the  French  ^stem  of  measures,  there  is  no  need  for 
ihia  distinction;  because,  as  a  litre  (a  cubic  d6cimdtre)  of  pure 
water  at  its  maximnm  density  weighs  a  kilogramme,  the  weight  of 
s  caHc  d^imdtre  of  any  substance  in  kilogrammes  is  its  specific 
gravity,  that  of  pure  water  being  imity. 

The  weight  of  a  cubic  foot  of  pure  water  at  39^*1  Fahr.  is 

62-425  lbs.  avoirdupoiB. 

In  rifling  from  39^*1  to  62*  Fahr.,  pure  water  expands  in  the 
ntb  of  1*001 118  to  1,  and  has  its  density  diminished  in  the  ratio 
of '998883  to  1,*  hence  the  weight  of  a  cubic  foot  of  pure  water  at 
6f  Fahr.  is 

*  See  Pntemor  Miller*!  paper  **  On  the  Standard  Pound,**  Phil  Tram.,  1866,  Part  I. 
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62*425  X  -998883  =  62*355  lbs.  ayoiidupois; 

and  for  any  other  8ul)stanoe  we  baye^ 

Heaviness  in  lbs.  avoirdupois  per  cubic  foot  ^  Specific  )     /^  \ 
Gravity  X  62'355 jA^) 

In  a  table  at  the  end  of  this  volnmeare  given  the  specific  gravity 
and  heaviness  of  such  materials  as  most  commonly  occur  in  struc- 
tures. So  &>r  as  that  and  similar  tables  relate  to  solid  materials, 
they  are  approximate  only;  for  the  specific  gravity  of  the  same 
solid  substance  varies  not  only  in  different  specimens^  but  fre- 
quently even  in  different  parts  of  the  same  specimen;  still  the 
approximate  values  are  sufficiently  near  the  truth  for  practical 
purposes  in  the  art  of  construction. 

104.  {A,  Jf,y  70  to  85.)— The  Ceam  •rcrimTiiy  of  a  body,  or  of  a 
system  of  bodies^  is  the  point  always  traversed  by  the  resultant  of 
tike  weight  of  the  body  or  system  of  bodies, — ^in  other  words,  tbo 
centre  of  pa/rcUld  forces  for  the  weight  of  the  body  or  system  of 
bodie&     (See  Article  98.) 

To  support  a  body,  that  is,  to  balance  its  weight,  the  resultant  of 
the  supporting  force  must  act  through  the  centre  of  gravity. 

When  the  centre  of  gravity  of  a  geometrical  figure  is  spoken  of, 
it  is  to  be  undeistood  to  mean  the  point  where  the  centre  of 
gravity  would  be,  if  the  figure  were  filled  with  a  substance  of 
uniform  heavines&  The  following  are  the  most  useful  of  the  pro- 
cesses for  finding  centres  of  gravity. 

I.  If  a  body  is  homogeneousy  or  of  equal  specific  gravity  through* 
out»  and  so  far  si/rmneirical  as  to  have  a  ceiUre  of  figure;  that  is,  a 
point  within  the  body,  which  bisects  every  diameter  of  the  body 
drawn  through  it,  that  point  is  also  the  centre  of  gravity  of  the 
body. 

Amongst  the  bodies  which  answer  this  description  are,  the 
sphere,  the  ellipsoid,  the  circular  cylinder,  the  elliptic  cylinder, 
prisms  whose  bases  have  centres  of  figure,  and  parallelopipeds^ 
whether  right  or  oblique. 

II.  The  common  centre  of  gra/mXy  of  a  set  of  bodies  whose  Beveral 
centres  of  gravity  are  known,  is  the  cenire  of  pa/rdUd  forces  for  the 
weights  of  the  several  bodies,  each  considered  as  acting  through 
its  centre  of  gravity.     (See  Article  98,  p.  144.) 

III.  If  a  homogeneous  body  be  of  a  figure  which  is  symmetrical 
on  either  side  of  a  given  plane,  the  centre  of  gravity  is  in  that  plane. 
If  two  or  more  such  planes  of  symmetry  intei'sect  in  one  line,  or  axis 
of  symmetry,  the  centre  of  gravity  is  in  that  axis.  If  three  or  more 
planes  of  symmetry  intersect  each  other  in  a  pointy  that  point  is 
the  centre  of  gravity. 
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lY.  To  find  the  centre  of  gravity  of  a  homogeniKnu  body  of  any 
figure,  assume  three  rectangular  co-ordinate  planes  in  any  oon- 
renient  poation,  as  in  fig.  67,  p.  145. 

To  find  the  distance  of  the  centre  of  gravity  of  the  body  from 
one  of  those  planes  (for  example,  that  of  T  Z),  conceive  the  body 
to  be  divided  into  indefinitely  thin  plane  layers  parallel  to  that 
plane.  Let  9  denote  the  area  of  any  one  of  those  layers,  and  dxiis 
TliTcknesB,  so  that  9dx\a  the  volume  of  the  layer,  and 


=  f  sdXf 


the  volome  of  the  whole  body,  being  the  sum  of  the  volumes  of 
the  layers.  Let  x  be  the  perpendicular  distance  of  the  centre  of 
the  layer  sdx  fiom  the  plane  of  Y  Z.  Then  the  perpendicular 
distance  x^  of  the  centre  of  gravity  of  the  body  firom  that  plane  is 
^T»i  by  the  equation 

'.-'^^. (1.) 

Find,  by  a  similar  process,  the  distances  y^  ««,  of  the  centre  of 
gravity  from  the  other  two  co-ordinate  planes,  and  its  position  will 
be  completely  determined. 

If  the  centre  of  gravity  is  previously  known  to  be  in  a  particular 
plane,  it  is  sufilcient  to  find  by  the  above  process  its  distances  fix)m 
two  planes  perpendicular  to  that  plane  and  to  each  other. 

If  the  centre  of  gravity  is  previously  known  to  be  in  a  particular 
Hue,  it  is  sufficient  to  find  its  distance  from  one  plane,  perpendicular 
to  tbat  line; 

Y,  If  the  specific  gravity  of  the  body  varies,  let  to  be  the  mean 
beavinesB  of  tiie  layer  sdx,  go  that 

W=  f  to  sdx, 
13  the  weight  of  the  body.     Then 

x.  =  J^^ (2.) 

VI.  Centre  of  Gravity  found  by  Addition. — ^Wlien  the  figure  of  a 
body  consists  of  parts,  whose  respective  centres  of  gravity  are 
hown,  the  centre  of  gravity  of  the  whole  is  to  be  found  as  in 
CbelL 
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YII.  Centre  of  Grwnty  foimd  by  SuUraeHon.—Wheia  the  figure 
2  of  a  homogeneous  body,  whose  centre  of 

gravity  is  sought^  can  be  made  by  taking 
away  a  figure  whose  centre  of  giwvity  is 
known  fi^m  a  larger  figure  whose  centre 
of  gravity  is  known  also,  the  following 
method  may  be  used. 

Let  A  0  D  be  the  larger  figore,  G,  its 
known  centre  of  gravity,  Wj  its  weight 
Let  A  £  E  be  the  smaller  figure,  whose 
centre  of  gravity  G*  is  known,  W^  its 
weight.  Let  E  B  C  I)  be  the  figure  whose 
centre  of  gravity  Gg  is  sought,  made  by  taking  away  ABE  from 
from  A  0  D,  so  that  its  weight  is 

Join  Gj  G2;  G3  will  be  in  the  prolongation  of  that  straight  line  be- 
yond G|.     In  the  same  straight  line  produced,  take  any  point  O  as 


origin  of  co-ordinates.     Make  O  G] 
known  quantity)  =  x^ 
Then 


x;  iJO^  =  ai^  OG3  (the  un- 


r8-~w  _w~  V^*^ 


YIIL  Centre  of  OraoUy Altered  by  Transposition.— In  ^.  69,  let 

A  B  0  D  be  a  body  of  the  weight  W«, 
whose  centre  of  gravity  G^  is  known.  Let 
the  figure  of  this  body  be  altered,  by  trans- 
posing a  part  whose  weight  is  W^  from  the 
position  E  0  F  to  the  position  F  D  H,  so 
that  the  new  figure  of  the  body  is  A  B  H  £. 
Let  G^  be  the  original,  and  G^  the  new 
position  of  the  centre  of  gravity  of  the 
transposed  part  Then  the  centre  of  gravity 
of  the  whole  body  will  be  shifted  to  G,,  in 
a  direction  Gq  G3  parallel  to  G,  Q,  and 
through  a  distance  given  by  the  formula 


Fig.  69. 


•^v 

^0^8  =  ^1  ^2  Wa' 


(4.) 


IX.  Centre  of  Gravity  found  by  Projection  or  Transformation. 
— If  the  figures  of  two  homogeneous  bodies  are  parallel  projeddoiis 
of  each  other,  the  centres  of  gravity  of  those  two  bodies  are  ooires- 
ponding  points  in  those  parallel  projectiona 
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To  ezpanes  thk  fljmbolically, — as  in  Article  101,  let  «,  ^,  «,  be 
the  eo-ordinatea,  rectangular  or  obliqne,  of  any  point  in  the  figure 
of  the  first  body;  a^,  ^,  V,  thooe  of  the  corresponding  point  in  the 
second  body;  x^  y„  z„  the  co-ordinates  of  the  centre  of  gravity  of 
the  fizst  body;  a/^  if^  ^^  those  of  the  centre  of  gravity  of  the  second 
body;  then 


a» 


(5.) 


This  theorem  &cilitates  mnch  the  finding  of  the  centres  of  gravity 
of  figures  which  are  p^r^lM  projectioDS  of  more  simple  or  more 
symmetrical  figures. 

Fcx-  example,  let  it  be  supposed  that  a  formula  is  known  (which 
win    be    given   in    p.     157)    for 
finding  the  centre  of  gravity  of  a 
sector  of  a  circular  disc,  abd  let  it 
be  required  to  find  the  centre  of 
gravity  of  a  sector  of  an  elliptic 
disc.    In  fig.  70,  let  A  F  A  F  be 
the  ellipse,  A  O  A  ^  2  a,  and 
F  0  Fs  2  6,  its  axes,  andCT  0  D' 
the  sector  whose  centre  of  gravity 
is  required.     About  the  centre  of 
the  eJlipoe,  O,  describe  the  circle, 
A  B  A  B,  whose  radius  is  the  semi- 
axis  major  &     Through  C  and  D' 
respectively  draw  £  C  0  and  F  D'D, 
psnllel  to  O  B,  and  cutting  the  circle  in  C  and  D  respectively;  the 
dicular  sector  0  O  D  is  the  parallel  projection  of  the  eUiptic 
sector  C  O  ly.    Let  6  be  the  centre  of  gravity  of  the  sector  of  the 
oicolar  disG^  its  co-ordinates  being 


Fig.  70. 


Then  the  co-ordinates  of  the  centre  of  gravity  G'  of  the  sector  of 
the  elliptic  disc  are 


OH=:a^,=a;,;  \ 

a     J 


(6.) 


X.  Centre  of  Graoiiy  found  Experimentally, — ^The  centre  of 
fraTiir  of  a  body  of  moderate  sise  may  be  foimd  approximately  by 
experimeat^  by  bADging  it  up  successively  by  a  single  cord  in  two 
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different  positions,  and  finding  the  single  point  in  the  bodj  "wliich 
in  both  positions  is  intersected  by  the  axis  of  the  ooid* 

105.   BzamplMi  •£  Weights  Mid  €eBtres«rOniTttr»     (^A,  3£,y  SS.) — 

The  following  examples  consist  of  formuke  for  the  weighty  and  the 
position  of  the  centre  of  gravity,  of  homogeneous  bodies  of  thc^e 
forms  which  most  conmionly  occur  in  practice.  In  each  case  ic  de- 
notes the  heaviness  of  the  body,  W,  its  weight,  and  «„,  <ka,  the  co- 
ordinates of  its  centre  of  gravity,  which  in  the  diagrams  is  marked 
G,  the  origin  of  co-ordinates  being  marked  O. 


A. — Prisms  Ain>  Ctlikbebs  with  Parallel  Bases. 

The  word  cylinder  is  here  to  be  taken  in  its  most  general  mean- 
ing, as  comprehending  all  solids  traced  by  the  motion  of  a  plane 
curvilinear  figure  parallel  to  itself. 

The  example  here  given  apply  to  flat  plates  of  uniform  thick- 
ness. 

In  the  formuhe  for  weights,  the  length  or  thickness  is  supposed 
to  be  unity. 

The  centre  of  gravity,  in  each  case,  is  at  the  middle  of  the  length 
(or  thickness);  and  the  formuke  give  its  situation  in  the  plane 
flgure  which  represents  the  cross  section  of  the  prism  or  cylinder, 
and  which  is  specified  at  the  commencement  of  each  exampla 

I.  Tricmgle, — (Fig.  71.)  0,anyangla  Bisect 
oppasite  side  B  0  in  D.     Join  A  D. 

2 


aj,=0G=3^0D. 


W  = 


w  •  O  D  •  B  C  •  sin.  .«^  O  D  C 

2 


Fig.  71. 


11.  Polygon, — Divide  it  into  triangles;  find 
the  centre  of  gravity  of  each ;  then  find  their 
common  centre  of  gravity  as  in  Article  104, 

Case  II.,  p.  152. 

III.    ^mjwKOMt— (Fig.    72.) 
ABIICE. 

Greatest  breadth,  A  B  =  B. 
Least  „         C  E  =  6. 

Bisect  A  B  in  O,  C  E  in  D; 
join  O  D. 


X, 
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W  =  wOD-^^sin^DOR 


IV.  Tnpmul^SecondaohitioTLy^Vig.  73.) 
O,  poiDt  where  ipdined  sides  meet     Let  O  P 

2   ai—ai 


-—  «A  •  _i _I  •  en 


W=i0 


2 


fiin^^OFR 


V.  Parabolic  Hal/SeffmeTU. — 
(O  A  B,  fig.  74.)     O,  vertex  of 


OX;  OA=a;.;  A  B 

^^p  ordinate  ||  tangent  O  C  Y. 

3  3 

2 
W=  ^  io'«iyisin.^XOY. 


fig.  78. 


Fig.  74. 


VL  FaraboUe  Spandril-^0  B  C,  fig.  74.)  G',  centre  of  gravity, 
3  3  1 


VIL   OradoT  Sector.^O  A  C,  fig.  75.)    Let  O  X  bisecst  the 
angleAOC;  OY-LOX 


Badios  O  A  ^  r 
Half-arc^  to  radius  nnitj. 


AC 
2A0 


=  tf. 


2      sin  tf  - 


Fig.  75. 
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VIII.  Circular  Half'Segm«nL—{A  B  X,  Fig.  75.) 


sin*  tf 


*o-3«"*^_aijj^co8^' 


;yo= 


=  r* 


4  sin'  ^  —  sin'  iooBi 


3(tf^coslsin^ 

W  =  g  wr*  (tf-coB  ^  sin  ^. 

5po»MW;.— <A  D  X,  Fig.  75.) 

_^1    ^ sin*^ 

^~3^'2sintf-8in^co8tf-^ 


1 


3  sin'  $  —  2  sin'  #  oos  I  —  4  sin'  5- 


2  sin  ^  — sin  tfcos^  — ^ 
W  =  tor'*  fsin^-^sin^cos  ^-^V 

X  fi'actor 0/ jRtn^.— (A OF B,  Fig.  75.)SA  =  r;  0E=/. 

2  r^-r'^  sintf        _^ 

W=.io(r'-r^)^. 

XL  EUipHc  Sector  J  Half-SegrMTdf  or  SpandrU. — Centare  of  gravity 
to  be  found  by  projection  from  that  of  corresponding  circular  figure, 
as  in  Article  104,  Case  IX.,  p.  154. 

B. — ^WEDOEa 

XII.  General  Formulaifor  Wedge8.^Fig,  76.)  All  wedges  may 
be  divided  into  parts  such  as  the  figure  here  represented.  O  A  Y, 
O  X  Y,  planes  meeting  in  the  edge  O  Y ;  A  X  Y,  cylindrical  (or  pris- 
matic) surface  perpendicular  to  the 
plane  O  X  Y;  O  X  A,  plane  triangle 
perpendicular  to  the  edge  O  Y;  O  Z, 
axis  perpendicular  to  XOY.   Let  OX 

=  iBi;XA  =  «,.     Thena  =  ^-^; 


W=:to'~^  fxydx 


Fig.  76. 


a\)  = 


{^y 


dx 


•;yo= 


/  xy^'  dx 


<St  Xa 
-7 >  ffO 7 >  ^<>~  9^' 

Jxydx  2jxy'dx  ^ 
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(This  Iftst  eqoation  denotes  that  G  is  in  the  plane  which  tanarenes 
O  IT  and  bisects  A  X.) 

In  a  sjinmetTical  wedge,  if  O  be  taken  at  the  middle  of  the  edge, 
y9  =  0.  Sneh  is  the  case  in  the  following  examples^  in  each  of 
wbicfa,  lengtii  of  edge  =  2  pj, 

XnX  Heetangular  Fm^— <  =  TEiangnlar  FrisnL>— (Fig.  77.) 


W=io«iyi«i;  x^  =  ^Xj. 


Fig.  77. 


XTY.  Triangular  Fk^^^-Tnangalar  Pynmid.)— (ilg.  78.) 


w    1  1 


n«.78. 


XY.  SmMrcular  F«^»(Fig.  79.) 


Badiii8'?rX  =  0Y=r. 


3, 

16 


58905  r. 


Fig  79. 


XTX  iififiu&ir,  or  HcXlou)  Semicircular  Wedge, — (Fig.  80.) 
Eztemal  radius,  r;  internal  r^. 


Fig.  80. 


C.  — Ck)2nE8  ASD  PTBA]aD& 


Let  0  denote  the  apex  of  the  cone  or  pyramid,  taken  as  the 
ori^  and  X  the  centre  of  gravity  of  a  supposed  flat  plate  whose 
middle  section  coincides  with  the  base  of  the  cone,  or  pyramid. 
The  ccntire  of  gravity  ^will  lie  in  the  axis  O  X. 
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Denote  the  area  of  the  base  by  A,  and  the  angle  which  it  make 
with  the  axis  by  ^. 


XYIL  Complete  Cone  or  Pyraimii, — ^Let  the  height  O  X  =  A 

3  1 

XVin.  Truncated  Qane  or  Pyramid, — ^Height  of  portion  tnmi 
cated  s=:h\ 

3    A*  — A'*    _       1       /.    A      A'^X   .    ^ 


D. — PoBTioiro  OF  A  Sphebel 

XIX.  Zone  or  Ring  of  a  Spherical  Shdl,  bounded  by  two  conical 

surfaces  having  their  common  apex 
at  the  centre  O  of  the  sphere  (fig.  81). 

O  X^  axis  of  cones  and  zone. 

r,  external  radius  )    ^  i   n 
.'  .  .        1      J.      >  of  shell 
r,  mtemal  radius  J 

.^  X  O  A  =  «,ha]f-angleof  less  ) 

^XOB=^,      „      greater /^^ 


Fig.  81. 


a5A  =  -r 


3  r* — r*    co8«i  +  co8/8 

4  'W^ZIf^'  2  ' 


W=i^  (f^  — t^)  •  (co6/5  — cos-). 

XX  Sector  of  a  Hemispherical  SheU.-^C  X  D,  ^g,  82.)    0  Y 

'    bisects  angle  DOC;  J  DOC  =  ^. 


^—  8  *r»  — t'S'  ^^^  16  V  — r^'    ^  ' 


W=^(^-y3). 


Fig.  82. 


^^ 
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106L  mtnjm  km  MmimmaUyt  »f— li««t,  €«■!>•»  sad  BliMiMi,  (i4.  if., 
86  to  89.) — The  word  Stbebs  has  been  adopted  aa  a  general  term  to 
oxn^ehend  yarious  forces  which  are  exerted  between  contiguous 
bodies^  or  parts  of  bodies,  and  which  are  distributed  over  the  sur- 
hee  of  contact  of  the  masses  between  which  they  act 

The  Ihtensitt  of  a  stress  is  its  amount  in  units  of  weight, 
divided  by  the  extent  of  the  sur&oe  over  which  it  acts,  in  units  of 
aretL 

The  following  table  gives  a  comparison  of  yarious  units  in  which 
the  intensity  of  stress  is  expressed  :^ 

Ponods  on  the  Poimds  on  the 

aqnara  IboL  •qoars  inch. 

One  pound  on  the  square  inch, 144  i 

One  pound  on  the  square  foot, i  y|^ 

One  inch  of  mercuiy  (that  is,  weight 
of  a  column  of  mercury  at  32^ 

Tahr.,  one  inch  high), 70'73  0*4913 

One  foot  of  water  (at  39°'l  Fahr.),  62*435  0'4335 

One  inch  of  water  (at  39°  *1  Fahr.),  5 *303 1  o *036 125 

One  foot  of  water  (at  62<*  Fahr.), ...  62*355  0*43302 

One  inch  of  water  (at  62®  Fahr.),...  5*19625  0*036085 
One  atmo^here,  of  29*922  inches 

of  mercury,  or  760  millimetres,  3116*4  14*7 
One  foot  of  air,  at  32**  Fahr.,  and 
Tutder  the  pressure  of  one  atmo- 

apbae,  0*080728  0*0005606 

One  kilogramme    on    the  square 

m^tre,    0*20481  0*00142228 

One  kikgramme   on    the  square 

millimetre, 304810  1422*28 

One  millimetre  of  mercuiy, ^'7^47  0*01934 

The  various  kinds  of  stress  may  be  thus  classed : — 

L  Tkntd,  or  Fresanre,  is  the  force  which  acts  between  two  oon- 
tignons  bodies^  or  parts  of  a  body,  when  each  pushes  the  other  from 
itself 

IL  PuU,  or  Tension^  is  the  force  which  acts  between  two  con- 
tiguous bodies,  or  ports  of  a  body,  when  each  draws  the  other 
towards  itself. 

F^:e88ure  and  tension  may  be  either  normal  or  obliqtie,  lelatively 
to  the  surface  at  which  they  act. 

UL  Shear,  or  TangmUial  Stress,  is  the  force  which  acts  between 
t vo  contiguous  bodies,  or  parts  of  a  body,  when  each  draws  the  other 
sidevaya^  in  a  direction  parallel  to  their  sur&ce  of  contact 

In  expressing  a  Thrust  and  a  Pull  in  parallel  directions  algebrai- 
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€aU  J,  if  one  is  treated  as  positive,  the  other  must  be  treated  su 
Begativa  The  choice  of  the  positive  or  negative  sign  for  eitker  ii 
a  matter  of  convenience. 

The  word  "Prerattr^/'  although,  strictly  speaking,  equivalent  t<j 
"thrtiat,**  IB  sometimes  applied  to  stress  in  general;  and  when  tlii^ 
is  the  case,  it  is  to  be  understood  that  thrust  is  treated  as  positive. 

The  following  are  the  processes  for  finding  the  magnitude  of  tlu 
resultant  of  a  stress  distributed  over  a  plane  surface,  and  the  cenlrt 
of  stress;  that  is,  the  point  where  the  line  of  action  of  that  resultant 
cuts  the  plane  surface: — 

"L  If  the  stress  is  of  uniform  intensity,  the  magnitude  of  its  re^ 
sultant  is  the  product  of  that  intensity  and  the  area  of  the  sarfstce  ^ 
and  the  centre  of  stress  is  at  the  centre  of  gravity  of  the  Biir&oe. 
Or  in  symbols,  let  S  be  the  area  of  the  sur&oe,  p  the  intensity  ol 
the  stress,  P  its  resultant,  then — 

P=PS (1^ 

TL  If  the  stress  is  of  varying  intensity,  hut  of  one  sign;  that  is, 
all  tension,  or  all  pressure,  or  all  shear  intone  direction. 

In  fig.  83,  let  A  A  be  the  given  plane  sur&ce  at  which  the  stress 
acts;  0  X,  0  3r,  two  rectangular  axes  of  co-ordinates  in  its  plane; 

O  Z,  a  third  axis  perpendicular  to  that  plane. 

Conceive  a  solid  to  exist,  bounded  at  one  end 

by  the  given  plane  surfeuse  A  A,  laterally  by  a 

cylindrical  or  pritoatic  sur&ce  generated  by 

the  motion  of  a  straight  line  parallel  to  O  Z 

round  the  outline  of  A  A,  and  at  the  other 

^  end  by  a  surface  £  B,  of  such  a  figure,  that  it« 

^'     '  ordinate  z  at  any  point  shall  be  proportional  to 

the  intensity  of  the  stress  at  the  poiut  a  of  the  surface  A  A  £cx>m 

which  that  ordinate  proceeds,  as  shown  by  the  equation 

«=^ (2.) 

(Conceive  the  surface  A  A  to  be  divided  into  an  indefijute  number 
of  small  rectangular  areas,  each  denoted  by  dx  dy,  and  so  small  that 
the  stress  on  ^ach  is  sensibly  uniform;  the  entire  area  being 

S=  /  fdxdy. 

The  volume  of  the  ideal  solid  will  be 

V=  f  fz'dxdy. (3.) 

So  that  if  it  be  conceived  to  consist  of  a  material  whose  heaviness 
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is  10  =  s  ^^  amount  of  the  stresB  -will  be  equal  to  the  weight  of  the 
solid;  tibat  is  to  say, 

T^f  jpdxdy=wY (4.) 

The  eaUre  qfsireu  is  the  point  on  the  sm&oe  A  A  perpendicularly 
opposite  the  centre  of  gravity  of  the  ideal  solid. 

Hie  amplest,  and  at  the  same  time  the  commonest  case  of  this 
kind  is  wliere  the  stress  is  uniformly^varying ;  that  is,  where  its 
intensily^  at  a  given  point  is  eimply  proportional  to  the  perpendicular 
(hsttnee  of  that  point  from  a  given  straight  line  in  the  plane  of  the 
sm&ce  A  A«  The  ideal  solid  is  now  either  a  wedge,  or  a  figore 
that  can  be  made  by  adding  and  subtracting  wedges;  so  that  the 
resnltsat  and  centre  of  stress  are  to  be  found  by  the  methods  of 
Aiticle  105,  Cases  XIL  to  XYL,  and  Article  104,  Cases  IL  and 
VIL  To  express  this  symbolically,  take  the  straight  line  in  ques- 
tkni for  the  axis  O  T;  conceive  the  maSace  to  be  divided  into  bands 
bv  lines  parallel  to  O  Y;  let  y  denote  the  length  of  one  of  these 

bands,  and  dx  its  breadth,  so  that  y  e^o;  is  its  area,  and  S  =  I  ydx 

the  area  of  the  whole  sur&ceL  Let  x  be  the  perpendicuhu*  distance 
cf  the  centre  of  a  band  from  the  line  of  no  stsreM  O  Y,  and  let  the 
intensiiy  of  the  stress  there  be 

p=<»«; (5.) 

a  being  a  constant  co-efficient;  then  the  amount  or  resultant  of  the 
Etiessis 

P=  fpydx^ajxydx; (6.) 

aod  the  perpendicular  distance  of  the  centre  of  stress  fix>m  O  Y  is 


(pxydx     ajgfiydx 
ipydx 


^""TZTTZ —         P 


(7.) 


RyA^mplAK  of  this  case  wiU  be  given  in  treating  of  the  pressure  of 
vater  and  of  earth,  and  the  stability  of  masonry. 

IIL  When  the  stress  is  of  wntroffy  signs;  for  example,  pressure 
at  one  part  of  the  surface  and  tension  at  another,  the  resultants  and 
centres  of  s<a:«8S  of  the  pressure  and  tension  are  to  be  found  sepa- 
rately. Those  partial  resultants  are  then  to  be  treated  as  a  pair  of 
pazallel  forces  acting  through  the  two  respective  centres  of  stress; 
their  final  resultant  will  be  equal  to  their  difference,  if  any,  acting 
through  a  point  found  as  in  Article  97,  Case  lY.,  p.  141. 

If  the  total  pressure  and  total  tension  are  equal  to  each  other, 
th^  have  no  single  resultant  and  no  single  centre  of  stress :  their 
RBaltsnt  being  a  conple,  whose  moment  is  equal  to  the  total  stress 
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of  either  kind  multiplied  by  the  perpendicular  distance  between  the 
resultant  of  the  pressure  and  the  resultant  of  the  tension.  EtX- 
amples  of  this  case  will  be  given  in  treating  of  the  strength  of 
beuns. 

107.  PrcMnre  Mid  Balaace  •f  PlBid»— PriMCI»l««  •£«!<■ —In Hi  ■ 

-~^Fluid  is  a  term  opposed  to  solid,  and  comprehending  the  liquid 
and  gaseous  conditions  of  bodies.  The  property  common  to  the 
liquid  and  the  gaseous  conditions  is  that  of  not  tending  to  preserve  a 
d^imte  shape,  and  the  possession  of  this  property  by  a  bodj  in 
perfection  throughout  all  its  parts,  constitutes  that  body  a  perfect 
Jluid, 

A  necessary  consequence  of  that  property  is  the  following  prin- 
ciple, which  is  the  foundation  of  the  whole  science  of  hydrostatics : — 

I.  In  a  perfect  Jltdd,  token  stUlf  the  pressuare  exerted  <U  a  gwen 
point  is  normal  to  the  sfi/rface  en  which  it  acts,  and  of  equal  intensity 
for  all  positions  of  that  surface. 

The  following  are  some  of  the  most  useful  consequences  of  that 
principle : — 

IL  A  surface  of  equal  pressure  in  a  still  fluid  mass  is  eoerytohere 
perpendicular  to  the  direction  ofgromty;  that  is,  horizontal  through- 
out. In  other  words,  the  pressure  at  all  points  at  the  same  level  is 
of  equal  intensity. 

IIL  The  intensity  of  tlta  pressure  at  the  lower  of  two  points  in  a 
stiU  fluid  mass  is  greater  than  the  intensity  at  the  higher  point,  by  an 
dbmount  eqiud  to  the  weight  of  a  vertical  column  of  the  fluid  whose 
height  is  the  difference  of  elevation  of  the  points,  and  hose  ca%  unit  of 
area. 

To  express  this  symbolically,  let  p^  denote  the  intensity  of  the 
pressure  at  the  higher  of  two  points  in  a  fluid  mass,  and  p^  the 
intensity  at  a  point  whose  vertical  depth  below  the  former  point  is 
X,  Let  w  be  the  mean  heamness  of  the  layer  of  fluid  between  those 
two  points;  then 

Pi=Pq-\-wx. (I) 

In  a  gas,  such  as  air,  w  vaiies,  being  nearly  proportional  to  p;  but 
in  a  liquid,  such  as  water,  the  variations  of  w  are  too  small  to  be 
considered  in  practical  cases. 

For  example,  let  the  upper  of  the  two  points  be  the  surface  of  a 
mass  of  water  where  it  is  exposed  to  the  air;  then  p^  is  the  atmos- 
pheric pressure;  let  the  depth  x  of  the  second  point  below  the 
surface  be  given  in  feet,  and  let  the  temperature  be  39o*l  j  then 

Pi  in  lbs.  on  the  square  foot  =  ;?q+  62*425  as. (2.) 

In  many  questions  relating  to  engineering,  the  pressure  of  the 
atmosphere  may  be  left  out  of  consideration,  as  it  acts  with  sensibly 
equal  intensity  on  all  sides  of  the  bodies  exposed  to  it,  and  so 
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balances  its  own  action.  The  pressures  calcnlated,  in  sacli  cases,  is 
the  €3X689  of  the  pressure  of  the  water  above  the  atmospherio 
preasorey  which  may  be  thus  expressed, — 

P'=j>i—Pq=  624  a  nearly. (3.) 

rV.  The  pressure  of  a  liquid  on  a  fioadng  or  immersed  body,  is 
equal  to  the  weight  of  the  volume  of  fluid  displaced  by  that  body; 
and  ^e  resultant  of  that  pressure  acts  vertically  upwards  through 
the  centre  of  gravity  of  tiiat  volume;  which  centre  of  gravity  is 
called  the  ^centre  o/ buayanei/.** 

V.  The  pressure  of  a  liquid  against  a  plane  eur/aee  tmmereed  in 
if  is  perpendicular  to  that  surface  in  direction :  its  magnitude  is 
equal  to  the  weight  of  a  volume  of  the  liquid,  found  by  multiplying 
the  area  of  the  surfieu^  by  the  depth  to  which  its  centre  of  gravity 
hi  immersed. 

VL  The  centre  of  pressure  on  such  a  surface,  if  the  surface  is 
horizontal,  coincides  with  its  centre  of  gravity;  if  the  suiiace  is 
vertical  or  sloping,  the  centre  of  pressure  is  always  below  the  centre 
of  gravity  of  the  sur&ce,  and  is  found  by  considering  that  the 
pressure  is  an  uniformly^carying  stress,  whose  intensity  at  a  given 
point  varies  as  the  distance  of  that  point  from  the  line  where  the 
givoi  plane  surface  (produced  if  necessary)  intersects  the  upper 
sor&ce  of  the  liquid. 

To  express  the  last  two  principles  by  symbols  in  the  case  in  which 
the  presed  sur&oe  is  vertical  or  sloping,  let  the  line  where  the 
{Jane  of  that  surface  cuts  the  upper  surface  of  the  liquid  be  taken 
as  the  axis  O  Y.  Let  $  denote  the  angle  of  inclination  of  the 
pressed  snr&oe  to  the  horizon.  Conceive  that  sur&ce  to  be  divided 
by  parallel  horizontal  lines  into  an  indefinite  number  of  narrow 
band&  Let  y  be  the  length  of  any  one  of  those  bands,  dx  i\A 
breadth,  x  the  distance  of  its  centre  from  O  Y;  then  ydx  is  its 
area,  a;sin  ^  the  depth  at  which  it  is  immersed;  and  if  t^  be  the 
veight  of  unity  of  volume  of  the  fluid,  the  intensity  of  the  pressure 
oa  that  hand  is 

p^wxfimB. (4.) 

The  whole  area  of  the  pressed  sur&ce,  being  the  sum  of  the  areas 

of  all  the  bands,  is  8=  /  ydx;  the  whole  pressure  upon  it  is 

P=  jpydx=wBin.$  I xydx; (5.) 

The  mean  intensity  of  the  pressure  is 

T>      Ipydx  Ixydx 

1=  ^-. ^wfon^J- ; (6.) 

•^       J  ydx  J  ydx 
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and  the  distance  of  the  centre  of  pressure  from  O  Y  is 

\  xpydx      ja^ydx 

*o^^         p        ^     ?  ' v*7 

J  xydx 

For  example,  let  the  sloping  pressed  surfiaee  be  rectangp[ilar,  like 
a  sluice,  or  the  back  of  a  reservoir- wall;  and  in  the  first  instanoe^ 
let  it  extend  from  the  surface  of  a  mass  of  -water  down  to  a  distance 

S,  measured  along  the  slope,  so  that  its  lower  edge  is  immersed  to 
e  depth  x^  sin  f  Then  its  centre  of  gravity  is  immersed  to  the 
depth  a^  sin  ^  -~  2,  and  the  mean  intensity  of  ^e  pressure  in  lbs.  on 
the  square  foot^  is 

P      624  asi  sin  ^  ,q  v 

8= 2 ■  <^> 

The  breadth  ^is  constant;  so  that  the  area  of  the  surfaoe  is 
S  =  a;^  ^;  and  the  total  pressure  is 

p_62'4  g?y8in^  .^ . 

The  distance  of  the  centre  of  pressure  from  the  upper  edge  is 

2 
^0=  J  •«! (10.) 

Next,  let  the  upper  edge,  instead  of  being  at  the  surfisu^  of  the 
water,  be  at  the  distance  x^  from,  it,  so  as  to  be  immersed  to  the 
depth  x^  sin  t  Then  the  centre  of  gravity  of  the  pressed  surface 
is  immersed  to  the  depth  {x.  -^x^mn  ^  -4-  2,  and  the  mean  intensity 
of  the  pressure  upon  it,  in  lbs.  on  the  square  foot,  is 

P^ 62-4  («,  +  ie^  Bin  ».  

S  2 

the  area  of  the  surface  is  (a^  — x^  y,  and  the  total  pressure  on  it 

624^— ^yrin/ 
■^—  2  K^"') 

The  distance  of  the  centre  of  pressure  from  the  line  0  Y  is 

2     iA  —  fd 
-^=3    ^-  <13.) 

108.  Cmm^wamk  lalonHa  BorcM  •€  SoUds.  {A,  if.,  96  to  113.) — 
If  a  body  be  conceived  to  be  divided  into  two  parts  by  an  ideiil 
plane  traversing  it  in  any  direction,  the  force  exerted  between 
those  two  parts  at  the  plane  of  division  is  an  irderwd  8treu, 
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Aeending  to  the  prindples  stated  in  tbe  preceding  article,  the 
internal  stress  at  a  given  point  in  a  fluid  is  normal  and  of  eqnal 
intensity  fcnr  all  positions  of  the  ideal  plane  of  division.  In  a  solid 
body,  on  the  other  hand,  the  stress  may  be  either  normal,  oblique, 
orsheftzing;  and  it  may  vary  in  direction  and  intensity,  as  the  posi- 
tion of  the  ideal  plane  of  division  variea 

If  tiie  direction  and  intensity  of  the  stress  at  a  given  point  in  a 
solid  mass  are  given  for  three  positions  of  the  plane  of  division, 
they  can  be  found  for  any  position  whatsoever.  It  is  unneoessaiy 
in  the  present  treatise  to  give  the  methods  of  solving  this  problem 
in  tU  its  generality.  Certain  particular  cases  only  will  be  given, 
which  are  useful  in  the  theories  of  the  stability  of  earth  and  cf  the 
strength  of  materials. 

L  Cm^iugtUe  Stresses — Principal  Stresses, — K  two  planes  traverse 
a  point  in  a  body,  and  the  direction  of  the  stress  on  the  first  plane 
b  puallel  to  the  second  plane,  then  the  direction  of  the  stress  on 
the  second  plane  is  parallel  to  the  first  plane.  Such  a  pair  of 
stresees  are  said  to  be  conjugeUe;  and  if  they  are  both  normal  to 
thdr  planes  of  application  (and  consequently  perpendicular  to  each 
otha*)  they  are  c^ed  principal  stresses,  lluee  conjugate  stresses, 
or  three  principal  stresses,  may  act  through  one  point;  but  in  the 
present  treatine  it  is  sufficient  to  consider  two. 

Fig.  84  represents  a  pair  of  conjugate  oblique  tensions  acting  in 
the  directions  X  X  and  Y  Y  through  a 
prismatic  particle  A  B  C  D. 

The  rectangular  directions  in  which 
principal  str^ses — ^that  is,  direct  pulls 
^thrusts — act,  through  a  given  point 
in  a  solid,  are  called  aaoes  of  stress. 

In  a  fluid,  the  stress  at  a  given  point 
being  of  equal  intensity  in  all  direo- 
tioQs,  every  direction  has  the  property 
of  an  axis  of  stress.  A  solid  may  be 
in  the  same  condition  with  a  fluid  as  ^'  **• 

to  stress;  but  it  may  also  have  the  principal  stresses  at  a  given  point 
of  different  intensities.  In  a  mass  of  loose  grains,  the  ratio  of 
those  intensities  has  a  limit  depending  on  friction,  as  will  after- 
^■^udsbe  more  fully  explained  in  treating  of  the  stability  of  earth : 
->in  a  firm  continuous  solid,  the  principal  stresses  at  a  point  may 
'^cv  any  ratio  to  each  other,  and  may  be  either  of  the  same  or  of  ' 
opposite  kinds. 

^  The  Shearing  Stress,  on  two  planes  traversing  a  point  in  a 
^H  at  right  angles  to  each  other,  is  of  equal  intensity. 

HI  A  Fair  of  Equal  and  Opposite  Principal  Stresses;  that  is,  a 
p^  and  a  thrust  of  equal  intensity  acting  through  a  particle  of  a 
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solid  in  directions  at  right  angles  to  each  other,  are  eqtiiTaleilt 
a  pair  of  shearing  str^ses  of  the  same  intensity  on  a  pair   of 
pLmes  at  right  angles  to  each  other,  and  making  angles  of  43^ 
with  the  first  pair  of  planes. 

IV.  C(mibincUion  of  any  T%joo  Principal  Stresses, 

Problem. — A  pair  of  principal  stresses  of  any  intensities,  and  of 
the  same  or  opposite  kinds,  being  given,  it  is  required  to  find  the 
direction  and  intensity  of  the  stress  on  a  plane  in  any  position  at  xigb  t 
angles  to  the  plane  parallel  to  which  the  two  principal  stresses  act. 

Let  O  X  and  0  x  (figs.  85  and  86)  be  the  directions  of  the  two 
principal  stresses;  O  X  being  the  direction  of  the  greater  stress. 

Let  p^  be  the  intensity  of  the  greater  stress; 

and  p2  that  of  the  less. 


Fig.  85.  Fig.  86. 

The  kind  of  stress  to  which  each  of  these  belongs,  pnll  or  thrust, 
is  to  be  distinguished  by  means  of  the  algebraical  signa  If  a  pull 
is  considered  as  positive,  a  thrust  is  to  be  considered  as  n^ative, 
and  vice  versd.  It  is  in  general  convenient  to  consider  that  kind  of 
stress  as  positive  to  which  the  greater  principal  stress  belongSL 
Fig.  85  represents  the  case  in  which  p^  and  p^  are  of  the  same 
kind;  fig.  86  the  case  in  which  they  are  of  opposite  kinds.  In  all 
the  following  equations,  the  sign  of  p^  is  held  to  be  implidd  in  that 
symbol;  that  is  to  say,  when  p^  is  of  the  contrary  kind  to  j9j,  the 
sign  applied  to  its  arithmetical  value,  in  computing  by  means  of 
the  equations,  is  to  be  reversed. 

Let  A  B  be  the  plane  on  which  it  is  required  to  ascertain  the 
direction  and  intensity  of  the  stress,  and  O  N  a  normal  to  that 
plane,  making  with  the  axis  of  greatest  stress  the  angle 

A 
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On  O  N  take  O  M  =      a     >  *J"s  will  represent  a  normal  Btrees 

on  A  B  of  the  same  kind  with  the  greater  principal  stress^  and  of 
an  intensity  which  is  a  mean  between  the  intensities  of  the  two 
pfincipal  stresses. 

Thrtyngh  M  draw  P  M  Q»  making  with  the  axes  of  stress  the 
same  angles  which  O  N  makes,  bat  in  the  opposite  direction;  that 
]sto8a7,takeMP  =  MQ  =  M0.     On  the  line  thus  fomid  set 

offfrom  M  towards  the  axis  of  greatest  stress,  M  R=^^^^I^-. 

Join  O  Rw  Then  will  that  line  represent  the  direction  and 
intensity  of  the  stress  on  A  B. 

The  algebraical  expression  of  this  solution  is  easily  obtained  by 
means  of  the  formnlsB  of  plane  trigonometry,  and  consists  of  the 
two  following  equations : — 


Intonsity,  OBor  p=  ^^^'cos^ajn+j^  •  sin*  a;nj...(l.) 
Angle  of  obliquity,  N  O  B  ornr 
=arc8in*  fsin2ajn*?1^^^2j ^2.) 

This  obliquity  is  always  towards  the  axis  of  greatest  stress. 
Infig,  85,  p^  and  p^  are  represented  as  being  of  the  same  kind ; 
and  MB  is  consequently  less  than  0  M,  so  that  OB  £gi11s  on  the 

eame  side  of  O  X  with  O  N;  that  is  to  say,  nr^^iixrk     In  fig.  86, 
Pi  and/»2  9xe  of  opposite  kinds,  M  B  is  greater  than  O  M,  and  O  B 

&IIs  on  the  opposite  side  of  O  X  to  O  M;  that  is  to  say,  n  r  y^  xru 

The  locus  of  the  point  M  is  a  circle  of  the  radius  ^^  ,^  ^'> 

and  that  of  the  point  B,  an  ellipse  whose  semi-|kxes  are  p^  and  p^ 
and  which  may  be  called  the  Ellipse  of  Stress,  because  its  semi- 
diameter  in  any  direction  represents  the  intensity  of  the  stress  in 
that  direction, 
y.  Deviation  of  Principal  Stresses  by  a  Shearing  Stress. 
Pboblkx. — Let  p,  and  p^  denote  the  original  intensities  of  a 
pair  of  principal  stresses  acting  at  right  angles  to  each  other 
^upoogh  one  particle  of  a  solid.     Suppose  that  with  these  there  is 
oombined  a  shearing  stress  of  the  intensity  q,  acting  in  the  same 
plane  with  the  original  pulls  or  thrusts;  it  is  required  to  find  the 
oev  intensities  and  new  directions  of  the  principal  stresses. 
To  assist  the  conception  of  this  problemj  the  original  stresBes 
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referred  to  are  represented  in  fig.  87,  as  acting  throii^  a  particle  q 

the  form  of  a  square  prism.  The  priDcipd| 
stresses,  both  original  and  new,  are  representeti 
as  tensions,  although  any  or  all  of  them  znigbl 
be  pressures.  In  the  formulaa  annexed,  tensioiii 
_^  are    considered    positive,    pressures    negSLt^ve 

P^   pjpitp  angles  lying  to  the  right  of  A  A  are  considerecj 

ILJI^^B    ^  positive,  to  the  left  as  negative ;  and  a  aliear^ 
s*      ing  stress  is  considered  as  positive  or  n^&tivc 
according  as  it  tends  to  mdce  the  upper  rig^hln 
hand  and  lower  leftrhand  comer  of  the  square 
particle  acute  or  obtuse. 

The  arrows  A  A  represent  the  greater  originfi]; 
^'  ®^*  tension  ^,;   the  angles  B  B,  the  less  origiiial 

tension  p,;  0,  C,  D,  D,  represent  the  positive  shear  of  the  inten- 
sity q,  as  acting  at  the  four  faces  of  the  particle.  The  oombiitation 
of  this  shear  with  the  original  tensions  is  equivalent  to  a  new  pair 
of  principal  tensions,  oblique  to  the  original  pair.  The  greater  new 
principal  tension,  p^y  is  represented  by  the  arrows  £,  £;  it  deviates 
to  the  right  of  p,  through  an  angle  which  will  be  denoted  by  g. 
The  less  new  principal  tension  p^  is  represented  by  the  arrows  F,  F ; 
it  deviates  through  the  same  angle  to  the  right  oip^ 

Then  the  intensities  of  the  new  principal  stresses  are  given  by 
the  equations, 


(3.) 


and  the  double  of  the  angle  of  deviation  by  either  of  the  following^ 
tan2^  =  — ^^:  or  cotan  2  tf  =  ^^V^'- (^0 

The  greatest  value  of  i  is  45°,  when  p,  =p^ 
The  new  principal  stresses  are  to  be  conceived  as  acting  nonnally 
on  the  faces  of  a  new  square  prism. 

109.  Parallel  PrajecUoa  •€  DiMribated  Farces.— In  applying  the 
principles  of  parallel  projection  to  distributed  forces,  it  is  to  be  bonie 
in  mind  that  those  principles,  as  stated  in  Article  101,  are  appli- 
cable to  lines  representing  the  amotmta  or  resultants  of  distributed 
forces,  and  not  their  intensities.  The  relations  amongst  the  intensi- 
ties of  a  system  of  distributed  forces,  whose  resultants  have  been 
obtained  by  the  method  of  projection,  are  to  be  arrived  at  by  a  sub- 
sequent process  of  dividing  each  projected  resultant  by  the  projected 
space  over  which  it  is  distributed. 
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110.  MedM  {A.  M.,  189,  190,  191)  is  that  force  wMch  aets 
between  tvo  bodies  at  their  sor&oe  of  contact  so  aa  to  resist  their 
sliding  on  eadi  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  It  is  a  kind  of  shearing  stress. 
The  following  kbw  respecting  the  Motion  of  solid  bodies  has  been 
aaoertained  by  experiment : — 

ThefrieUon  which  a  given  pair  of  solid  hodiOy  wUh  tkevr  Mwrfaoes 
in  a  given  eondkum^  are  capable  of  eaoertingy  ia  eimplg  proporUonal 
to  tke  force  wiih  which  they  arepreeaed  togeUier. 

If  a  body  be  acted  npon  bj  a  force  tending  to  make  it  sKde  on 
another,  tiien  so  long  as  that  force  does  not  exceed  the  amount  fixed 
br  this  law,  the  Mction  will  be  eqnal  and  opposite  to  it^  and  will 
bslanceitb 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  indent  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressare;  but 
that  limit  ought  never  to  be  attained  in  any  structura  For  some 
sahstanoes,  especially  those  whose  snr&ces  are  sensibly  indented  by' 
a  moderate  pressure,  such  as  timber,  the  friction  between  a  pair  of 
sor&ees  which  have  remained  for  some  time  at  rest  relatively  to 
each  other,  is  somewhat  greater  than  that  between  the  same  pair  of 
sorfaees  when  sliding  on  each  other.  That  excess,  however,  of  the 
fridion  afreet  over  theyWction  of  motion,  is  instantly  destroyed  by 
a  dight  vibration;  so  that  ihefricUon  of  motion  is  alone  to  be  taken 
into  account,  as  contributing  to  the  stability  of  a  structure. 

The  friction  between  a  pair  of  surfaces  is  calculated  by  multiply- 
ing the  force  with  which  they  are  directly  pressed  together,  by  a 
&ctor  called  the  co-efficient  of  friction^  which  has  a  special  value 
depending  on  the  nature  of  the  materials  and  the  state  of  the  sur- 
faces. Lict  F  denote  the  friction  between  a  pair  of  surfaces;  N, 
the  foroe^  in  a  direction  perpendicular  to  the  surfaces,  with  which 
they  are  pressed  together;  and /the  co-efficient  of  finction;  then 

F=/K (1.) 

The  co-efficient  of  friction  of  a  given  pair  of  snr&oes  ia  the  tori* 
geai  of  an  angle  called  the  cmgle  of  repose,  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

Let  P  denote  the  amount  of  an  oblique  pressure  between  two 
phse  sur&ces^  inclined  to  their  common  normal  at  the  angle  of 
lepoae  ^;  then 

F=/N=:Ntan(p=:P8iniP=-j^?:=. (2.) 
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The  angle  of  repose  \a  the  steepest  inclination  of  a  plane  to  t.lkC 
horizon^  at  which  a  block  of  a  given  substance  will  remaixi 
balanced  on  it  without  sliding  down. 

The  intensity  of  the  friction  between  two  surfaces  bears  the  ssLznG 
proportion  to  the  intensity  of  the  pressure  that  the  whole  fiictiork 
bears  to  the  whole  pressure. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficieii1> 

of  friction /=  tan  ^,  and  its  reciprocal  1  :f,  for  various  materials 

condensed  from  the  tables  of  Creneral  Monn,  and  other  sourcesy  azicl 
arranged  in  a  few  comprehensive  classes.  The  values  of  tKose 
constants  which  are  given  in  the  table  have  reference  to  the  frictia^^ 
qfmUion, 


StnurACBB. 


Diy  RiaBoniy  and  brickwork,  ..*. 

Masonry  and  brickwork  with  wet  mortar, 
Masonry  and  brickwork,  with  slightly) 

damp  mortar, / 

Wood  on  stone, 

Iron  on  stone...... 

Masonry  on  dry  day,.. 

„       on  moist  clay, 

Earth  on  earth, 

„  „     dxT  sand,  day,  and) 

mixed  earth, / 

„  „     damp  day, 

„  „     wet  day, .-. 

„  „      shingle  and  gravel, 

Wood  on  wood,  dr}*, 

„  „     soaped,    

Metals  on  oak,  dry, 

It  n     wet,  .•• 

„  „    soapy, 

Metals  on  dm,  dry, 

Bronse  on  lignam  vite,  constantly  wet. 
Hemp  on  oak,  diy,  « 

i»  If    wet,  

Leather  on  oak, 

Leather  on  metals,  dxy,   

„  „       w^   

„  „       greasy,  

II  If       oily, 

Metals  on  metals,  dry, 

„  „      wet  and  dean, 

„  „       damp  and  slimy, 

Smooth  surfiwes,  occasionally  greased,... 

„  „      continually  greased, ... 

Smoothest  and  best  greased  sarfiues,  ... 


(P 


8i<»  to  as** 
ss''  to  lei** 

14°  to  45° 
21°  to  87° 

46° 

17° 

36°  to  48° 

14°  to  26  J° 

11J°  to  2* 

26^°  to  81® 

18J°  to  14J° 

lli° 
lli°  to  14° 

8°? 

28° 

18i° 

16°  to  19J° 

29i° 

20° 

13° 

8i°  to  lli° 

164° 

8^ 

4°  to  41° 

8° 
1  J°  to  2® 


/ 


0*6  to  0-7 
0-47 

0-74 

aboat  0*4 
0-7  to  0-8 

0*51 

0-33 
0*25  to  1.0 

0-88  to  0-75 

10 

0-31 

0-7  to  1-11 

•26  to  *5 

•2  to  -04 

•6  to -6 

•24  to  -26 

•2 

'2  to  *25 

•05? 

•63 

•83 
•27  to  'SB 

•66 

•86 

•28 

•16 
•15  to  -2 

•3 

•14 
•07  to  -08 

•06 
•08  to  •Odd 


I 

7 


1*67  to  1^8 
2^1 

1-35 

2-5 
1^48  to  3-35 
1-96 
8 

4tol 

2*63  to  1-93 


1 

8-28 

1-48  to  0*9 

4  to  2 

5  to  25 
2  to  1-67 

417  to  8-35 
5 
5  to4 
20? 
1^89 
8 
8-7  to  2-36 
1^79 
2-78 
4-85 
6-67 
6-67  to  5 
8*38 
7-14 
14*3  to  12*5 

20 
88^3  to  27-6 
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SBCTU»r  lY. — Balance  and  Stability  ofFrameSf  Chain$y  Bibs,  and 

Blocks, 

(^.  if.,  137  to  211.) 

111.  A  Jaawii  is  a  stracture  composed  of  bars,  rods,  links,  or 
cords,  attached  togetlier  or  sopported  hj  joints,  such  as  occur  in  car- 
pentiy,  in  frames  of  metal  bars,  and  in  structures  of  ropes  and  chains, 
fixing  tlie  ends  of  two  or  more  pieces  together,  but  offering  little 
«ir  no  resistance  to  change  in  the  relative  angular  positions  of  those 
piecea.  In  a  joint  of  this  class,  the  centre  of  resistanee,  or  point 
through  which  the  resultant  of  the  resistance  to  displacement  of  the 
pieces  connected  at  the  joint  acts,  is  at  or  near  the  middle  of  the 
joint,  and  does  not  admit  of  any  variation  of  position  consistently 
with  security. 

The  Line  of  Besistance  of  a  frame  is  a  line  traversing  the  centres 
of  resistance  of  the  joints,  and  is  in  general  a  polygon,  having  its 
ang^  at  these  centres. 

112.  A  ■■■aiii  Bw  in  a  frame  may  act  as  a  Tib,  a  Strut,  or  a 
Beam.    (AJ!^.,  138  to  142.) 

L  A  Tie  has  equal  and  directly  opposite  forces  applied  to  its  two 
ends,  acting  outwards,  or  from  each  other.  The  bar  is  in  a  state  of 
tension,  and  the  stress  exerted  between  any  two  divisions  of  it  is 
a  pyll,  equal  and  opposite  to  the  applied  forces.  A  rope  or 
cAotn  will  answer  the  purpose  of  a  tie. 

I%e  equUibriuin  of  a  moveable  tie  is  stable;  for  if  its  angular  posi- 
ticm  be  deviated,  the  forces  applied  to  its  ends,  which  originally 
were  directly  opposed,  now  constitute  a  couple  tending  to  restore 
the  tie  to  its  ori^nal  position. 

TL  A  Strut  has  equal  and  directly  opposite  forces  applied  to  its 
two  ends,  acting  inwards,  or  towards  each  other.     The  bar  is  in  a 
state  of  compression,  and  ^e  stress  exerted  between  any  two  divi- 
sions of  it  is  a  thrust  equal  and  opposite  to  the  applied  forces.    It  is 
obvious  that  a  flexible  body  will  not  answer  the  purpose  of  a  strut. 
The  equilibrium  of  a  moveakie  strvt  is  unstable;  for  if  its  angular 
podtion  be  deviated,  the  forces  applied  to  its  ends,  which  originally 
were  directly  opposed,  now  constitute  a  couple  tending  to  make  it 
deviate  still  farther  from  its  original  position. 

In  order  that  a  strut  may  have  stability,  its  ends  must  be  pre- 
vented from,  deviating  laterally.  Pieces  connected  with  the  ends 
of  a  stmt  for  this  purpose  are  called  stays. 

HL  A  Beam,  is  a  bar  supported  at  two  points,  and  loaded  in  a 
directioD  perpendicular  or  oblique  to  its  length. 
Cijgi  I, ^Let  the  supporting  pressures  be  parallel   to    each 
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other  and  to  the  direotion  of  the  load;  and  let  the  load  act  hehcean 
the  pointa  of  support,  as  in  fig.  88;  where  P  represents  the  resolt- 

ant  of  the  gross  load,  including  the  weiglit 
of  the  beam  itself;  L,  the  point  where  tHe 
line  of  action  of  that  resultant  intersects  the 
axis  of  the  beam ;  R^,  112)  ^^  ^^^  supporting 
pressures  or  resistances  of  the  props  parallel 
to,  and  in  the  same  plane  with  P,  and  acting 
through  the  points  S^,  Sg,  in  the  axis  of  the  beam. 

Then,  according  to  the  principle  of  the  lever,  Article  97,  p.  141, 
each  of  those  three  forces  is  proportional  to  the  distance  between 
the  lines  of  action  of  the  other  two;  and  the  load  is  equal  to  the 
sum  of  the  two  supporting  pressures ;  that  is  to  say, 


r 


Fig.  88. 


P  :  Rj  :  B,  : :  S^  Sj  :  L  Sj  :  L  S^; 


.(1.) 


Fig.  89, 


and  P  =  Ri  +  Rj. (2.) 

Gabe  IL — Let  the  load  act  beyond  the  points  of  support^  as 

in  ^.  89,  which  represents  a  cantilever  or  pro- 
jecting beam,  held  up  by  a  wall  or  other  prop  at 
Sj^,  held  down  by  a  notch  in  a  mass  of  masoniy 
or  otherwise  at  Sg,  and  loaded  so  that  P  is  the 
resultant  of  the  load,  including  the  weight  of 
the  beam.  Then  the  proportional  equation  (1.) 
remains  exactly  as  before;  but  the  load  is  equal 
to  the  difference  of  the  supporting  pressures;  that  is  to  say, 

« 

Tn  these  examples  the  beam  is  represented  as  horizontal;  bat  the 
same  principles  would  hold  if  it  were  inclined. 

Case  IIL — ^Let  the  directions  of  the  supporting  forces  R^,  R«, 

be  now  inclined  to  that  of  the  resultant  of 
the  load,  P,  as  in  fig.  90.  This  case  is  that 
of  the  equilibrium  of  three  forces  treated 
of  in  Article  93,  p.  136,  and  consequently 
the  following  principles  apply  to  it: — 

The  lines  of  action  of  the  supporidng 
forces  and  of  the  resultant  of  the  load  most 
be  in  one  plane. 

They  must  intersect  in  one  point  (C, 
{^.  90. 

Those  three  forces  must  be  proportional  to  the  three  sides  of  a 
triangle  A,  respectively  parallel  to  their  directions.  ^ 


Fig.  90. 
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Pboblbl — Given,  ilie  resultant  of  the  load  in  magnitnde  and 
pwition,  F,  the  Uae  of  action  of  one  of  the  aapporting  foroes,  R|y 
aiid  the  centre  of  resistance  of  the  other,  S.;  required,  the  line 
ofactkmof  the  second  sapporting  force,  and  the  magnitudes  of 
bo^ 

Produce  the  line  of  action  of  R^,  till  it  cuts  the  ]ine  of  action  of 
P  at  the  point  O ;  join  C  SL^  this  will  be  the  line  of  action  of  Bj; 
eomtnict  a  triangle  A  with  its  sides  respectivelj  parallel  to  those 
three  lines  of  action ;  the  ratios  of  the  sides  of  that  triangle  will 
give  the  ratios  of  the  forces. 

To  express  this  algebraically,  leti^,%^he  the  angles  made  by  the 
tines  of  action  of  the  supporting  forces  with  that  of  the  resultant 
of  the  load;  then 

P  *  R^  :  B,  :  :  sin  (t^  +  tg)  :  sin  tg  :  sin  t^ (4.) 

The  same  piece  in  a  frame  may  act  at  once  as  a  beam  and  tie,  or 
as  a  beam  and  stmt;  or  it  may  act  alternately  as  a  strut  and  as  a 
tie,  as  the  action  of  Uie  load  varies. 

The  load  tends  to  break  a  tie  by  tearing  it  asunder,  a  strut  by 
cmahing  it,  and  a  beam  by  breaJdng  it  across.  The  power  of 
materials  to  resist  those  tendencies  will  be  considered  in  a  later 


113.  iNMritaMed  liMdK  (ui.  if.,  147.) — Before  appl3dng  the  prin- 
riples  of  ihe  present  section  to  frames  in  which  the  load,  whether 
external  or  arising  £rom  the  weight  of  the  bars,  is  distributed  over 
their  length,  it  is  necessary  to  reduce  that  distributed  load  to  an 
univalent  load,  or  series  of  loads,  applied  at  the  centres  of  resist- 
anoe;  The  steps  in  this  process  are  as  follows : — 
L  find  the  resultant  load  on  each  single  bar. 
IL  Besolve  that  load,  as  in  Article  111,  equation  1,  p.  174,  into 
two  pazallel  components  acting  through  the  centres  of  resistance  at 
the  two  ends  of  the  bar. 

IIL  At  eadi  centre  of  resxstanoe  where  two  bars  meet,  combine 
^  component  loads  due  to  the  loads  on  the  two  bars  into  one 
reroltant)  which  is  to  be  considered  as  the  total  load  acting  through 
that  centre  of  resistance. 

lY.  When  a  centre  of  resistance  is  also  a  point  of  support,  the 
component  load  acting  through  it,  as  found  by  step  II.  of  the  pro- 
cess, is  to  be  left  out  of  consideration  until  the  supporting  force 
rajoiied  by  the  system  of  loads  at  the  other  joints  Ims  been  detei^ 
nmied;  with  this  supporting  force  is  to  be  compounded  a  force 
equLl  and  opposite  to  the  component  load  acting  directly  through 
the  poinji  of  support,  and  the  resultant  will  be  the  total  supporting 

h  the  following  Articles  of  this  section,  all  the  frames  will  be 
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supposed  to  be  loaded  onlj  at  those  centres  of  resistanoe  wbicl 
are  not  points  of  support;  and  therefore,  in  those  cases  in  whici 
components  of  the  load  act  directly  through  the  points  of  sappor 
also,  forces  equal  and  opposite  to  such  components  must  be  ooni 
bined  with  the  supporting  forces  as  determined  in  the  foUoisviiii 
Articles,  in  order  to  complete  the  solution. 

114.  FruMs  •f  Tw«  Ban.  (A .  M.,  14£U6.>— Figures  91, 92,  asc 
93,  represent  cases  in  which  a  frame,  of  two  bars  jointed  to  eacl 
at  the  point  L,  is  loaded  at  that  point  with  a  given  force,  P,  and  h 


Fig.  91. 


Fig.  92. 


Fig.  93. 


supported  hj  the  connection  of  the  bars  at  their  farther  extremities, 
Sj,  Sg,  with  fixed  bodies.  It  is  required  to  find  the  stress  on  each 
bar,  and  the  supportiog  forces  at  S.  and  Sg. 

Resolve  the  load  P  (as  in  Article  94,  p.  137)  into  two  com- 
ponents, R^,  B^  acting  along  the  respective  lines  of  resistance  of  the 
two  bars.  Those  components  are  die  loads  borne  hj  the  two  bars 
respectively ;  to  which  loads  the  supporting  forces  at  Sp  S^,  are  equal 
and  directly  opposed. 

The  symbolical  expression  of  this  solution  is  as  follows : — Let  t,,  i^  , 
be  the  respective  angles  made  by  the  lines  of  resistance  of  the  oars  i 
with  the  line  of  action  of  the  load;  then  i 

P  :  R^  :  B^  : :  sin  (t^  +  tg)  :  8U1  ^  :  sin  i^. 

The  inward  or  outward  direction  of  the  forces  acting  along  each 
bar  indicates  that  the  stress  is  a  thrust  or  a  pull,  and  the  bar  a  strut  ■ 
or  a  tie,  as  the  case  may  be.  Fig.  9 1  represents  the  case  of  two  ties ;  j 
fig.  92,  that  of  two  struts  (such  as  a  pair  of  rafters  abutting  againsc 
two  walls) ;  fig.  93  that  of  a  strut,  L  S^,  and  a  tie,  L  Sg  (such  as 
the  jib  and  the  tie-rod  of  a  crane). 

A  firame  of  two  bars  is  stable  as  regards  deviations  in  the  plane 
of  its  lines  of  resistance. 

With  respect  to  lateral  deviations  of  angular  position,  in  a 
direction  perpendicular  to  that  plane,  a  frame  of  two  ties  is  stable; 
so  also  is  a  frame  consisting  of  a  stmt  and  a  tie,  when  the  direction 
of  the  load  indines^Tiom  the  line  S^  B^  joining  the  points  of  support 
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A  finone  connisting  of  a  strat  and  a  tie,  when  the  direction  of  the 
load  incimes  icwarda  the  line  S^  S,,  and  a  &ame  of  two  struts  in  all 
cases,  are  unstable  laterally,  nnless  provided  with  lateral  stays. 

These  principles  are  tme  of  any  fair  ofadjacenJL  hwn  whowfarther 
ceabrei  of  resitlance  are  find;  whether  forming  a  frame  by  them- 
selT€8,  or  a  part  of  a  more  complex  frame. 

11&  Trinc.tevm.ciu  (ii.i#.,  148, 149.>-Let  fig.  94  represent 
a  fiarae,  consisting  of  the  three  \m  A,  B,  C,  con- 
nected at  the  three  joints  1,  2,  3, — viz.,  0  and  A  at 

1,  A  and  B  at  2,  B  and  C  at  a.  Let  a  load  P^  be 
appHed  at  the  joint  1  in  any  given  direction ;  let 
£ii]^rting  forces,  Pj,  P3,  be  applied  at  the  joints 

2,  3 ;  the  lines  of  action  of  those  two  forces  must 
be  in  the  same  plane  with  that  of  P|,  and  mnst  either  be  parallel 
to  it  or  intersect  it  in  one  point  The  latter  case  is  taken  firsts 
lecanse  its  solution  comprehends  that  of  the  former. 

The  three  external  forces  balance  each  other, 
and  aie  therefore  proportional  to  the  three  sides 
(if  a  triangle  respectively  pandlel  to  their  direo- 
tiraia  In  fi^  95,  let  A  B  C  be  such  a  triangle, 
in  which 

C  A  represents  P^, 


Tig.  %fu 


Pig.  94. 


ITj 


Draw  C  O  parallel  to  the  bar  C,  and  A  O  parallel  to  the  bar  A, 
Sleeting  in  the  point  O,  and  join  B  O,  which  will  be  parallel  to  B. 
The  lengths  of  the  three  Imes  radiating  from  O  will  represent  the 
streaaes  on  the  bars  to  which  they  are  respectively  parallel 

When  the  three  external  forces  are  parallel  to  each  other,  the 

trian^  of  forces  A  BG  of  fig.  95  becomes  a  straight  line  0  A,  as  in 

fig.  96,  divided  into  two  segments  by  the  point  R     Let  straight 

¥mfis  radiate  from  O  to  A,  B,  0,  respectively  parallel 

\o  the  bars  of  the  frame;  then  if  the  load  0  A  be 

applied  at  1  (fig.  94),  A  B  applied  at  2,  and  B  C 

applied  at  3,  are  the  supporting  forces  required  to 

haiance  it;  and  the  radiating  Imes  O  A,  O  B,  O  G, 

represent  the  stresses  on  the  bars  A,  B,  G,  respeo- 

ti?ely,  as  befiorei 

From  O  Jet  fiall  O  H  perpendicular  to  G  A,  the 
Gnomon  direction  of  the  external  forcea     Then  that 
line  will  represent  a  component  of  the  stress,  which  is 
<!!f  eqizal  amount  in  each  bar.     When  G  A,  as  is  usually  the  case,  is 
rertica],  0  H  ia  horiaontal;  and  the  force  represented  by  it  is  called 

N 


O  4r 


Fig.  96. 
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the  *'  horvxnUal  thrmt "  of  the  frame.  Rorizontal  Stress  or  SemM 
imoe  would  be  a  more  precise  term ;  because  the  force  in  questioi 
is  a  pull  in  some  parts  of  the  frame,  and  a  thrust  in  others. 

In  fig.  94,  A  and  0  are  struts,  and  'B&tie,  If  the  frame  i^er< 
exactly  inverted,  all  the  forces  would  bear  the  same  proportions  t^ 
each  other;  but  A  and  C  would  be  ties,  and  B  a  strui. 

The  trigonometrical  expression  of  the  relations  amongst  the  ibrcej 
acting  in  a  triangular  fraine,  under  parallel  forces,  is  as  folloinrs : — | 
•  Let  a,  6,  c,  denote  the  respective  angles  of  inclination  of  the  bar^ 
A,  B,  C,  to  the  line  O  H  (that  is,  in  general,  to  a  horizontal  line)j 
then 

Horizontal  Stress  0  H  =  r—^-^^^— (1.) 

tan  c  =tz  tan  a  ^    ^ 


Supporting  /  A  B  =  0  H  •  (tan  a 
Forces     |BC  =  0H(tan6 


tan5| 
tan  c] 


S;;}....(2.)- 

mr      .      r  +  )  is  to  be  used  when  the  two  )  opposite  directions 
e  sign  I  _  I         inclinations  are  in         J  the  same  directa<Hi. 

(OA  =  OH  -seca) 

Stresses^  OB  =  OH  -secft  V 

(OC  =  OHsecc  j 


(3.) 


116. 


Fig.  97. 


{A.  M„  150, 153.)— In  fig.  97,  let  A,  B,  C, 
D,E,  be  the  lines  of  resistance  of  the 
bars  of  a  frame/connected  together 
at  the  joints,    whose  centres  of 
resistance  are,  1  between  A  and 
B,  2  between  B  and  0,  3  between 
C  and  D,  4  between  D  and   E, 
and  5  between  E  and  A     In  the 
figure^  the  frame  consists  of  five  bars ;  but  the  principle  is  appli- 
cable to  anj  number.     From  a  point  O,  in  fig.  98, 
(which  may  be  called  the  Diagram,  of  Forces),  draw 
radiating  lines  O  A,  O  B,  O  C,  0  D,  O  E,  parallel 
respectively  to  the  lines  of  resistance  of  the  bars; 
and  on  those  radiating  lines  take  any  lengths 
whatsoever,  to   represent    the    stresses    on    the 
several  bars,  which   may  have  any  magnitudes 
within  the  limits  of  strength   of  the  material 
Join  the  points  thus  found  by  strai^t  lines,  so  as 
to  form  a  closed  polygon  A  B  C  D  E  A;  then  the 
sides  of  the  polygon  will  represent  a  system  of  forces, 
which,  being  applied  to  the  joints  of  the  frame,  will 
balance  each  other;  each  such  force  being  applied  to  the  joint 
between  the  bars  whose  lines  of  resistance  are  parallel  to  the  pair 


Fig.  98. 
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of  ndiadiig  linen  that  endoae  the  fdde  of  the  polygon  of  foroea 
i^imaBentiiig  the  force  in  question. 

When  the  external  forces  are  parallel  to  each  other,  the  polvffon 
^  fiwces  erf'  %.  98  beoomes  a  atraight  line  A  D, 
^  in  fig.  99,  divided  into  segments  by  the  radiating 
"^'j  and  each  segment  represents  the  external  force  y/ 

^hidi  acts  at  the  joint  of  the  bars  whose  lines  of  re-        y^ 
^tMice  are  pamUel  to  the  radiating  lines  that  bound  o^^^ 
^  jie  a^ent    Moreover,   the  segment  of  the  line      Vs^^ — 
4  D  which  ia  intercepted  between  the  radiating  lines         vV 
P&nlld  to  the  lines  of  resistance  of  any  ttoo  bars  \  ^ 

y^dker  contiguous  or  no€,  represents  the  r^ultant  of  \ 

the  external  forces  which  act  at  points  bettceen  the  bars.  \ 

ThnS)  A  D  represents  the  total  load,  consisting  of  \ 

the  three  portiona  A  B,  B  O,  CD,  applied  at  1,  2,  3,        Rg.  99.   * 

wspectively.    DA  represents  the  total  supporting 

force,  eqiud  and  opposite  to  the  load,  consisting  of  the  two  portions 

Dl>  EA,  applied  at  4  and  5  respectively.     A  C  represents  the 

Ksahant  of  the  load  applied  between  the  bars  A  and  C;  and 

^iiulariy  for  any  other  pair  of  bars. 

From  0  draw  O  H  perpendicular  to  A  D;  then  that  line  repre- 
fioitea  oomponent  of  the  stress,  whose  amount  is  the  same  in  each 
Wof  the  fiame.  When  the  load,  as  ia  usually  the  case,  is  vertical, 
^  component  is  called  the  "  horiztnOal  thrust "  of  the  frame, 
tt^as  in  Article  114,  might  more  correctly  be  called  horia(mial 
^^Wfienseanos,  seeing  thftt  it  is  a  pull  in  some  of  the  bars  and 
,    <  ^rost  in  othersw 

/      llie  trigonometrical  expresEdon  of  those  principles  is  as  follows  :^* 
'       I^  the  force  O  H  be  denoted  simply  by  H. 

^M\  denote  the  inclinations  to  0  H  of  the  lines  of  resistance 
^^  fc»  hoTBy  contiguous  or  not. 
let  R,  R',  be  the  respective  stresses  which  act  along  those  bara 
let  P  be  the  resultant  of  the  external  forces  acting  through  the 
joint  or  joints  between  those  two  bara 
Theo 

P=H:(tant=iztani'); (1.) 

R  =  B:  •  sect;  E'=H-8ect'. (2.) 

'^^  [m^      \  ^^  *^®    tangents  of  the  inclinations  is  to  be 

^aooordingasthey  are  {  ""^^j. 

.  117.  •paip«i,,Miai7vM»«-  (^.if^,lM,154.)--When  the  frame, 
instead  of  being  closed,  as  in  fig-  ^7,  is  converted  into  an  oi>en  frame, 
by  the  omiflsion  of  one  bar,  such  as  E,  the  corresponding  modificatioD 
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is  made  in  the  diagram  of  inclined  forces,  fig.  98,  by  omittiiig  the 
lines  0  E,  D  E,  E  A,  and  in  the  diagram  of  parallel  forces,  fig.  99, 
by  omitting  the  line  O  E.  Then,  in  both  die^rams,  D  O  and  O  A 
represent  fiie  aupporHng  forces  respectively,  equal  and  directly 
opposed  to  the  stresses  along  the  extreme  bars  of  the  &ame,  D  and 
A,  which  must  be  exerted  by  the  supports  (called  in  this  case 
abiUments),  at  the  points  4  and  5,  against  the  ends  of  those  bars, 
in  order  tq  maintain  the  equilibrium. 

In  the  case  of  parallel  loads,  the  following  formuIsB  give  the 
horizontal  stress  and  supporting  pressures. 

Let  i^  and  t.  denote  iJie  angles  of  inclination  of  the  bars  D  and  A 
respectively. 

Let  R^  =  0  D  and  ll,  =  0  A  be  the  stresses  along  them. 

Let  2  -F=:  A  D  denote  the  total  load  on  the  frame;  then, 

H=,      .^'^     .; (1.) 

tant^-i-tant. 

Ra=H-8ecta;  R.  =  H-8ecC (2.) 


118.  P«l7s«Mal  FnuM«~flcaMift7.  {A,M.yl 52,}— The  stability  or 
instability  of  a  polygonal  frame  depends. on  the  principles  stated  in 
Article  112,  p.  173,  viz.,  that  if  a  bar  be  free  to  change  its  angular 
position,  then  if  it  is  a  tie  it  is  stable,  and  if  a  strut,  unstable ;  and 
that  a  strut  may  be  rendered  stable  by  fixing  its  ends. 

For  example,  in  the  frame  of  ^g.  97,  E  is  a  tie,  and  stable;  A,  B, 
0,  and  D,  are  struts,  free  to  cluinge  their  angular  position,  and 
therefore  unstable 

But  these  stmts  may  be  rendered  stable  in  the  plane  of  the  frame 
by  means  of  stays;  for  example,  let  two  stay-bars  connect  the  joints 

1  with  4,  and  3  with  5;  then  the  points  1,  2,  and  3,  are  all  fixed, 
so  that  none  of  the  struts  can  change  their  angular  positions.  The 
same  effect  might  be  produced  by  two  stay-bars  connecting  the  joist 

2  with  5  and  4. 

The  frame,  as  a  whole,  is  unstable,  as  being  liable  to  overturn 
laterally,  unless  provided  with  lateral  stays,  connecting  its  joists 
with  fixed  points. 

Now,  suppose  the  firame  to  be  exactly  inverted,  the  loads  at  1,2, 
and  3,  and  the  supporting  forces  tft  4  and  5,  being  the  same  as 
before.  Then  E  becomes  a  strut;  but  it  is  stable,  because  ita  ends 
are  fixed  in  position;  and  A,  B,  C,  and  D  becomes  ties,  and  are 
stable  without  being  stayed. 

An  open  polygon  consisting  of  ties,  such  as  is  formed  by  A,  B,  C, 
and  D,  when  inverted,  is  called  by  mathematicians,  a  Junieular 
polygon,  because  it  may  be  made  of  ropes. 

It  is  to  be  observed,  that  the  stability  of  an  UTUtoyai  polygon  of 
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ties  is  of  tlie  kind  wliich  admits  of  aaeiilaiion  to  and  fro  about  the 
position  of  equilibriom.  That  osdiUation  may  be  injurious  in 
piactioe,  and  stays  may  be  required  to  prevent  it. 

119.  MiBfiBg  •r  FiMMiM  {A,  M.y  155.) — ^A  hrace  is  a  stay-bar  on 
whic^  there  is  a  permanent  stress.  When  the  external  forces  applied 
to  a  fnune,  although  balancing  each  other  as  an  entire  system,  are 
distributed  in  a  manner  not  consistent  with  the  equilibritim  of  each 
bar  sepsiately;  then,  in  the  diagram  of  forces,  upon  attempting  to 
oDDStmet  a  polygon  of  external  forces,  having  its  angles  on  the 
ndiating  lines,  gaps  will  be  left  in  the  outline  of  that  polygon. 
The  lines  neoeijsary  to  fill  up  those  gaps  will  indicate  the  foroes  to 
be  suj^ed  by  means  of  ike  resistance  of  braces.  These  may  be 
either  struts  or  ties,  connecting  two  or  more  joints  together,  and 
supplying  by  their  resistapces,  at  the  joints  which  they  connect, 
the  forces  wanting  to  produce  equilibrium  of  each  bar. 

The  lesistanoe  of  a  brace  introduces  a  pair  of  equal  and  opposite 
foro^  acting  along  the  line  of  resistance  of  the  brace,  upon  the 
pair  of  joints  which  it  connects.  It  therefore  does  not  alter  the 
rauitani  of  the  forces  applied  to  that  pair  of  joints  in  amount  nor 
in  poattion,  but  only  the  cUslrilnUion  of  the  components  of  that 
rendtant  on  the  pair  of  jointa 

To  exemplify  the  use  of  braces,  and  the  mode  of  determining  the 
stresses  on  tbem,  let  fig.  100  represent  a  frame  such  as  frequently 


Hg.  100. 

occurs  in  iron  rdofis,  oonsistiDg  of  two  struts  or  rafters,  A  and  E, 
tnd  three  tie-bars,  B,  C,  and  B,  forming  a  polygon  of  five  sides. 
Jointed  at  1,  2,  3,  4,  5,  IcMided  vertically  at  1,  and  supported  by  the 
Tlrtical  resistance  of  a  pair  of  walls  at  2 
and  5.  The  joints  3  and  4  having  no  loads 
applied  to  them,  are  connected  with  1  by 
tie  braces  1  4  and  13.  It  is  required  to 
hd  the  siaiesBes  on  those  braces^  and  on 
tbe  other  pieces  of  the  frame. 

To  mate  the  diagram  of  forces,  fig.  101, 
dnv  as  be^re  from  a  point  O,  radiating 

hm  0^  O  P,   O  C,  0  B,  0  A,  parallel  to  the  bars  forming  the 
externa]  polygon  of  the  finame;  and  across  those  lines  draw  the 
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yertical  line  E  A,  to  represent  the  directioii  of  the  load  and  of  the 
supporting  forces. 

The  two  extreme  segments  of  this  line,  A  B  and  D  E,  are  to  be 
taken  to  represent  the  supporting  forces  at  2  and  5 ;  and  their  sum, 
E  D  +  B  A,  will  represent  the  acttjud  load  at  1.  £  A  represents 
what  the  load  at  1  ought  tohe^to  fulfil  the  conditioDS  of  equilibrium 
of  the  bars  A  and  £;  therefore  D  B  represents  the  d^mmxy  of  the 
actual  load  at  1,  or  tiie  additional  downward  force,  to  be  supplied 
at  1  bj  means  of  the  bracing.  Also  B  D,  equal  and  opposite  to 
D  B,  represents  the  resultant  deficiency  of  supporting  pressure  at 
the  joints  3  and  4,  where  the  actual  external  force  applied  is 
nothing ;  and  this  has  to  be  supplied  by  means  of  the  bracing. 

In  the  diagram  of  forces,  draw  D  C  parallel  to  the  brace  1  4,  and 
C  B  parallel  to  the  brace  1  3,  intersecting  the  radiating  line  O  0  in 
C.  Then  will  D  C  represent  the  pull  along  the  brace  1  4,  acting 
obliquely  upwaixls  at  4,  and  obliquely  downwards  at  1 ;  and  C  S 
will  represent  the  pull  along  the  brace  1  3,  acting  obliquely  upwards 
at  3,  and  obliquely  downwards  at  1.  The  resultant  of  the  additional 
forces  thus  applied  at  1  is  D  B,  a  vertical  downward  force,  equal  to 
the  deficiency  before  mentioned ;  and  the  oblique  upward  forces  at 
3  and  4  complete  a  polygon  of  forces  A  B  C  D  E  A,  whose  angles 
are  on  the  radiating  lines  parallel  to  the  bars  of  the  frame,  and 
which  therefore  fulfils  the  conditions  of  Article  116,  p.  178. 

The  stresses  on  the  external  bars  of  the  frame  are  represented  as 
before,  by  the  lengths  of  the  radiating  lines  in  fig.  101. 

As  another  and  a  very  simple  example  of  bracing,  very  common 
in  framework,  may  be  taken  the  frame  in  fig.  102.  A  and  B  are 
two  struts,  forming  the  two  halves  of  one  straight  bar;  C  and  D 


Fig.  102. 
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are  two  equal  tie-rods;  E,  a  strut-brace.  A  vertical  load  P  is 
applied  at  the  joint  1,  between  A  and  B;  two  vertical  supporting 
pressures,  each  denoted  by  K  =  P  -f-  2,  act  at  the  joints  4  and  2. 
The  joint  3  has  no  external  load. 

Fig.  103  ia  the  diagium   of  forces,  constructed  as  follows : — 
Through  a  point  0  draw  O  B  A  parallel  to  A  and  B,  0  C  parallel 
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to  O,  and  OD  panJlel  to  D.     Make  OD^OC;  join  CD;  this 
line  will  be  paiaUel  to  the  brace  E,  and  perpendicubu'  to  0  A. 

Tlizoag^  D  and  G  draw  vertiod  lines  D  B,  C  A ;  these,  being 
eqoal  to  each  other,  are  to  be  taken  to  represent  the  two  supporting 
pressmes  R;  and  their  sum  D  B  +  A  C  will  represent  the  load  P. 
The  equal  tensions  on  C  and  D  will  be  represented  by  O  C  and 
0  D,  and  the  thrusts  along  A,  B,  and  E,  by  O  A,  0  B,  and  C  D. 

The  polygon  of  external  forces  in  this  case  is  the  crossed  quad- 
tilatend  A  C  D  B,  in  which  C  A  and  B  D  represent  (as  alrauly 
stated)  tiie  supporting  pressures,  and  D  C  and  A  B  the  components 
of  the  load  P  respectively  parallel  and  perpendicular  to  the  brace 
£1  Wh»i  A  and  B  are  horizontal,  and  E  vertical,  A  B  in  fig.  103 
vanishes^  and  B  B  and  C  A  coincide  with  the  two  halves  of  C  D. 

120.  BiaMitr  •r  •  Tvm..   {A.  if.,  156,  ld7.)-~The  word  trusa  is 

applied  in  carpentry  to  a  triangular  frame,  and  to  a  polygonal  frame 

to  which  rigi£ty  is  given  by  staying  and  bracing,  so  that  its  figure 

shall  be  incapable  of  alteration  by  turning  of  the  bars  about  their 

joints.     If  each  joint  were  abiohUdy  of  the  kind  described  in  Article 

111,  that  is,  like  a  hinge,  incapable  of  offering  any  resistance  to 

altoation  of  the  relative  angular  position  of  the  bars  connected 

by  it,  it  would  be  necessary,  in  order  to  fulfil  the  condition  oi 

rigidity,  that  every  polygonal  frame  should  be  divided  by  the  lines 

of  xesiatuioe  of  stays  and  biaces  into  triangles  and  other  polygons, 

so  ananged  that  every  polygon  of  four  or  more  sides  should  be 

sumnmded  by  triangles  on  all  but  two  sides  and  the  included  angle 

at  ftrkhest    For  every  unstayed  polygon  of  four  sides  or  more,  with 

flexible  joints,  is  flexible,  unleBs  all  the  angles  except  one  be  fiixed 

by  being  connected  with  triangles. 

Sometimes,  however,  a  certain  amount  of  stiffness  in  the  joints 

of  a  frame,  and  sometimes  the  resistance  of  its  bars  to  bending,  is 

relied  upon  to  give  rigidity  to  the  frame,  when  the  load  upon  it  is 

subject  to  small  variations  only  in  its  mode  of  distribution.     For 

example,  in  the  truss  of  hg,  104,  the 

tie-beam  A  A  is  made  in  one  piece,  or 

in  two  or  more  pieces  so  connected 

together  as  to  act  like  one  piece;  and 

part  of  its  weight  is  suspended  from 

the  joints  C,  C,  by  the  rods  CB,  C  R 

Theae  rods  also  serve  to  make  the  re-  ^'  ^^^' 

fiistiaoe  of  the  tie-beam  0  C  to  being  bent  act  so  as  to  prevent  the 

stntB  AC,  CC,  C  A,  from  deviating  from  their  proper  angular 

pontioiui,  by  tuiiiing  on  the  joints  A,  C,  C,  A.     K  A  B,  B  B,  and 

fii,were  three  distinct  pieces,  with  flexible  joints  at  BB,  it  is 

eiident  that  the  Aame  might  be  disfigured  by  distortion  of  the 

f  oadraogle  B  C  C  £• 
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The  object  of  stiffening  a  trass  by  braces  is  to  enable  it  to 
loads  variously  distributed  j  for  were  the  load  always  distribixted  in 
one  way,  a  frame  might  be  designed  of  a  figure  exactly  soited.  to 
that  load,  so  that  there  should  be  no  need  of  bracing. 

The  variations  of  load  produce  variations  of  stress  on  all  the 
pieces  of  the  frame,  but  especially  on  the  braces;  and  each  piece 
must  be  suited  to  withstand  the  greatest  stress  to  which  it  is  luible. 

Some  pieces,  and  especially  braces,  may  have  to  act  sometiiiies  as 
struts  and  sometimes  as  lies,  according  to  the  mode  of  diatributioa 
of  the  load 

121.  SecM*w7  m4  CMMpMBd  TnMt«M«.  {A,  If.,  158  to  160.)— 

A  eecondcMy  trvM  is  a  truss  which  is  supported  by  another  Ixxiss. 

When  a  load  is  distributed  over  a  great  number  of  centres  of 
resistance,  it  may  be  advantageous^  instead  of  connecting  all  tliose 
centres  by  one  polygonal  frame,  to  sustain  them  by  means  of  sefveral 
small  trusses,  which  are  supported  by  burger  trusses,  and  so  on,  the 
whole  structure  of  secondary  trusses  resting  finally  on  one  lax^e 
truss,  which  may  be  called  the  primary  tru8$.     In  such  a  combina- 
tion the  same  piece  may  often  form  part  of  different  trusaes ;  and 
then  the  stress  upon  it  is  to  be  determined  according  to  the  follow- 
ing principle : — 

When  ths  same  bar  /arms  ai  th$  saims  time  part  of  two  or  swor^ 
different  Jramee,  the  stress  on  it  is  the  resultant  of  the  several  etrasses 
to  which  it  is  siibject  by  reason  of  its  position  in  ^  several  franum. 

In  a  Compcund  Trttss,  several  frames,  without  being  distinguish- 
able into  primary  and  secondary,  are  combined  and  connected  in 
such  a  manner  that  certain  pieces  are  common  to  two  or  more  of 
them,  and  require  to  have  their  stresses  determined  by  the  principle 
above  stated. 

Examples  of  secondary  and  compound  trusses  will  be  given  in 
treating  of  structures  in  timber  and  iron. 

122.  M^ahemmem  •f  •  FniMe  at  a  SrciiMi.  {A.  AT.,  161.) — The  labour 
of  calculating  the  stress  on  the  bars  of  a  frame  may  sometimes  be 
abridged  by  the  application  of  the  following  principle : — 

^f  a  frame  be  acted  upon  by  any  system  of  external  foreeSy  amd  if 
i^kot  frame  be  conceived  to  be  oompletdy  divided  into  two  parts  by  an 
ideal  surface,  the  stresses  along  tfie  bars  which  are  intersected  by  thai 
surface,  balance  the  external  forces  which  act  on  each  qfthe  two  parts 
of  the  frame. 

In  most  cases  which  occur  in  practice,  the  lines  of  resistance  of 
the  bars,  and  the  lines  of  action  of  the  external  forces,  are  all  in  one 
vertical  plane,  and  the  external  forces  are  vertical  In  such  esses 
the  most  convenient  position  for  an  assumed  plane  of  section  is 
vertical,  and  perpendicular  to  the  plane  of  the  frame.  Take  the 
vertical  line  of  intersection  of  these  two  planes  for  an  axis  of  co- 
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ordlnatesy — say  for  the  axis  of  y,  and  any  convenient  point  in  it  for 

the  oiigin  0;  let  the  axis  i^  x  be  honrontal^  and  in  the  plane  of 

the  fniae,  and  the  axis  of  z  horizontal,  and  in  the  plane  of  aeotion. 

The  external  forces  applied  to  the  part  of  the  frame  at  one  aide 

of  the  plane  of  section  (either  may  be  chosen)  being  combined,  as 

in  Axtidie  99,  pi  146,  give  three  data — ^vi^s.,  the  total  force  along 

2=2' X j  the  total  force  along  y=s^'Y ;  and  the  moment  of  the 

couple  acting  round  zz::z'M.;  and  the  bars  which  are  cut  by  the  plane 

of  section  must  exert  resistances  capable  of  balancing  thoee  two 

forces  and  that  coupla     K  not  more  than  three  bars  are  cut  by  the 

plane  of  siection,  there  are  not  more  than  three  unknown  quantities, 

and  three  relations  between  them  and  given  quantities,  so  that  the 

problem  is  determinate ;  if  more  than  three  bars  are  cut  by  the 

l^ane  of  section,  the  problem  is  or  may  be  indet^minate. 

The  formube  to  which  this  reasoning  leads  are  as  follows : — ^Let 
X  be  positiYe  in  a  direction  from  the  plane  of  section  towards  the 
part  of  tilie  structure  which  is  considered  in  detennining  S  *  X,  2  *  Y, 
and  M;  let+ybe  measured  upwards;  let  angles  measured  from 
Ox  towards +  ^9  t^t  is,  upwards,  be  positdve;  and  let  the  lines  of 
resistance  of  the  three  bars  cut  by  the  plane  of  section  make  the 
aisles  ii^ipiff  with  x.  Let  n^,  n^,  n^  be  the  perpendicular  dis* 
tances  of  those  three  lines  of  redstance  from  O,  distanoes  lying 

do'S^^llSs  }  ^"^  O  *  ^'*^  «»'^*«^  *"  {  ^tire  }  • 
Let  Ej^  B,,  E„  be  the  resistances,  or  total  stresses,  ahmg  the 
tbrae  ban,  polk  being  poaitiye,  and  thrusts  negatiya     Then  we 
have  the  following  three  equations: — 

2  •  X  =  Rj  cos  ij  +  Rj  ^5^  *2  "f"  "^  ^^^^^  ^sO 
2*  Y  =  iL  sin  tj  +  Rj  sill  *2+  Rs  ''^^  *8^  f  .^...-(l.) 
—  MsrrRinj  +  I^nj  +  RjTij;       j 

from  which  the  three  quantities  sought,  Rj,  R^*  ^  <^^^  ^  found 

Speaking  with  reference  to  the  given  plane  of  section,  2  '  X  may 
be  called  the  normal  stress,  2  *  Y,  the  shearing  stress,  and  M,  the 
moment  of  fieaewre,  or  bending  stress;  for  it  tends  to  bend  the  firame 
at  the  section  under  consideration.     M  is  to  be  considered  as 

I  ^^ti      (  according  as  it  tends  to  make  the  frume  become  con- 
cave I    ^P^^^   I 
I  downwards,  j 

Examples  oi  the  application  of  this  method  will  be  given  in 
treating  of  lattice-beams  of  timber  and  iron. 

123.  BakMce  mf  a  chaim  mr  Cm^.— A  loaded  chain  may  be  looked 
upon  as  a  polygonal  fr^me  whose  pieces  and  jointB  are  so  numerous 
that  its  figure  may  without  sensible  error  be  treated  as  a  continuous 
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curve.  The  following  are  the  principles  respecting  the  equilib- 
rium of  loaded  chains  and  cords  which  are  of  most  importance 
in  practice. 

I.  Baicmos  of  a  Chain  in  general. — ^Let  D  A  C,  in  fig.  105,  repre- 
sent a  flexible  cord  or  chain  supported  at  the  points  C  and  I>,  and 

loaded  by  forces  in    any 


direction,  constant  or 
ing,  distributed  over  its 
whole  length  with  con- 
stant or  yarjing  intensitv. 
Let  A  and  B  be  any 
two  points  in  this  chafe; 
^'  from    those    poiuts    draw 

tangents  to  the  chain,  A  P  and  B  P,  meeting  in  P.  The  load  acting 
on  the  chain  between  the  points  A  and  B  is  balanced  by  the  pulk 
along  the  chain  at  those  two  points  respectively;  those  puUa  must 
respectively  act  along  the  tangents  A  P,  B  P;  hence  the  resultant 
of  the  load  between  A  and  B  acts  through  the  point  of  intersection 
of  the  tangents  at  A  and  B ;  and  that  load,  and  the  tensions  on  the 
chain  at  A  and  B,  are  respectively  proportional  to  the  sides  of  a 
triangle  parallel  to  their  directious. 

IL  CAotn  under  Vertical  Load — Curve  of  EquUibriwn. — If  the 
direction  of  the  load  be  everjrwhere  parallel  and  vertical,  draw  a 
vertical  straight  line,  0  D,  fig.  106,  to  represent  the  total  load,  and 
from  its  ends  draw  C  O  and  D  O,  parallel  to  two  tangents  at  the 

points  of  support  of  the  chain,  and  meeting  in  O ; 
those  lines  will  represent  the  tensions  on  the  <^ain 
at  its  points  of  support 

Let  A,  in  fig.  105,  be  the  lowest  point  of  the 
chain.  In  fig.  106,  draw  the  horizontal  line  O  A; 
this  will  represent  the  horizontal  component  of  the 
tension  of  the  chain  at  every  point,  and  if  O  B  be 
parallel  to  a  tangent  to  the  chain  at  B  (fig.  105) 
A  B  will  represent  the  portion  of  the  loiul  sup- 
ported between  A  and  B,  and  O  B  the  tension  at  B. 
Fig.  lOS.  To  express  this  algebraically,  let 

H  =  0  A  =  horizontal  tension  along  the  chain  at  A; 

B  =  0  B  =  pull  along  the  chain  at  B; 

P  =  A  B  =  load  on  the  chain  between  A  and  B; 

i=^X  P  B  (fig  105)  =  ^  A  O  B(fig.  106)  =  inclination  of 

chain  at  B; 
then, 

P  =  Htan*;  R=  V(I^  +  H«)=:H8eci (1.) 
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To  deduce  fiom  these  formuls  an  equation  hj  which  the  form  of 
the  curve  assanied  by  the  chain  can  be  determined  when  the  distri- 
butim  of  the  load  is  known,  let  that  cniVe  be  referred  to  rectangular 
boiuontal  and  vertical  co-ordinates,  measured  from  the  lowest  point 
A,  fig.  105,  the  oo-ordinates  of  B  being,  A  X  =s  x,  X  B  =  ^;  then 


(2.) 


A  differential  equation  which  enables  the  form  assumed  hj  the  cord 
(w  "ctarve  of  equilibrium'')  to  be  determined  when  the  distribution 
of  the  load  is  Imown. 

PlOBLEX. — Let  H  and  K,  fig.  lOf^  be  the  two  points  of  suspen- 
son  of  a  chain  under  a  vertiod  load;  let  the  distribution  of  the 


Fig.  107.  Fig.  108. 

load  be  g;iTen,  and  the  direction  of  a  tangent  H  L  to  the  chain  at 
ooe  of  the  points  of  suspension;  it  is  required  to  draw  approxi- 
mately the  figure  of  the  chain. 

Find  the  centre  of  gravity  of  the  entire  load,  and  let  G  L  be  a 
vertical  line  passing  through  it,  cutting  the  tangent  H  L  in  L. 
Join  E  L;  this  will  be  the  tangent  to  the  chain  at  the  other  point 
of  suspension. 

Conoeiye  the  load  to  be  divided  into  any  oonvenient  number  of 
portions:  the  more  numerous  these  are,  the  closer  will  be  the 
approximation  to  the  required  curve.  Find  the  centres  of  gravity 
of  those  portions,  and  let  P-^,  F^  &c,  be  vertical  lines  passing 
tiiiongh  those  centres  of  gravity. 

In  fig.  108^  draw  the  vertical  line,  or  actile  qfloadSf  A  G,  whose 
whole  length  represents  the  entire  load;  divide  it  into  parts,  A  B 
or  1,  B  C  or  2,  kc,  representing  the  several  portions  of  the  load. 
Through  A  draw  A  O  psonllel  to  L  H,  and  through  G  draw  G  O 
fsnilei  to  K  L,  cutting  each  other  in  O.  From  O  draw  radiating 
lines  0  B,  0  C,  &c.,  to  the  points  of  division  of  the  scale  of  loads. 

Then,  in  fig.  10^,  ftom  the  point  of  intersection  of  A,  or  H  L, 


188 


XATEKIA.L8  AND  SIBUCTUBES. 


wiih  Pi,  draw  B  parallel  to  0  B,  cuttiiig  P^;  from  the  point  of 
interaection  of  B  and  Pj,  draw  0  parallel  to  O  C,  catting  P*,  and 
8o  on,  nntH  the  "funicular  polygon**  ABC,  &a,  ia  completed; 
that  polygon  is  composed  of  tangents  to  the  required  curve  of  equi- 
librium, to  which  an  approximation  may  be  dniiWn  by  sketching  a 
curve  so  as  to  touch  the  sides  of  the  polygon. 

125.  Cli«lM  aMdw  aM  Vnlf^rM  TcrUcal  E.MUI— «Hiv«a"i«B  Bridge 
(A.  M,f  169,  170.)— By  an  uniform  vertical  load  is  meant  a  load 
uniformly  distributed  along  a  horizontal  straight  line;  so  that  if 


Fig.  109. 

A,  fig.  109,  be  the  lowest  point  of  the  rope  or  cord,  the  load  sus- 
pended between  A  and  B  shall  be  proportional  to  A  X  =  a;,  the 
horizontal  distance  between  those  points,  and  capable  of  being 
expi*eased  by  the  equation 

P=P«; (1.) 

where  p  is  a  constant  quantity,  denoting  the  irUensUy  of  the  load  in 
units  of  weight  per  unU  o/horizarUal  length:  in  pounds  per  lineal 
foot,  for  example. 

In  this  case,  because  the  load  between  A  and  B  is  uniformlj 
distributed,  its  resultant  bisects  A  X ;  also,  the  tangent  B  P  bisects 
AX;  foid  the  curve  assumed  by  the  chain  is  a  parabola,  whose 
vertex  is  at  A. 

The  proportions  of  the  load,  and  the  horizontal  and  oblique  ten- 
sions are  aa  follows : — 


P:H:R~BX:XP:PBr-.y:|:  j(f  +  f) 

The  focal  distance  of  the  parabola  is 

aj«       H 
2p 


(2.) 


m  =  ' —  =  ^— 


4y 


(3.) 


These  equations  are  applicable,  with  sufficient  accuracy  for  prac- 
tical purposes,  to  most  examples  of  Suepeneion  Bridges  tmth  vatioal 
rods ;  for  although  in  a  bridge  of  that  class  the  load  is  not  con- 
tinuous, the  platform  being  himg  by  rods  from  a  certain  number  of 
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pointB  in  each  cable  or  chain ;  nor  nniformly  distorbedy  the  load 
arising  &oa  the  weight  of  the  cables  or  chains  and  of  the  suspend- 
ing rods  being  more  intense  near  the  piers;  yet,  in  most  cases 
whi<^  occur  m  practice,  the  condition  of  each  cable  or  chain 
approaches  sofELciently  near  to  that  of  a  cord  continuously  and 
umfbrmlY  loaded  to  enable  the  preceding  equations  to  be  applied 
without  ^terial  error. 

The  following  solutioDB  of  some  useful  problems  are  deduced  finom 
iheae  equations : — 

Pboblbm  FnsT. — Gwen  the  etevaUonSy  y^  y^  of  the  two  pomU  of 
fupporl  of  the  chain  above  its  loweet  pointy  amd  aUo  the  horizontal  die- 
taneey  or  epan  My  behoeen  thoeepointec/eupport:  itiereqtnredtofind 
the  horizontal  cUetanceSy  x^yX^qfthe  lowest  point  from  the  two  poifUe 
of  support :  also  the  focal  distance  m. 

x,=:a'   ,   ^J\     ;  a^  =  a-    ,  ^^^     (4.) 

m= ^ = (5.) 

When  the  points  of  support  are  at  the  same  levdy 

a  a^  ,^ . 

Vl^Vt,  -1  =  5;  "*=16yj <^> 

Fboblkm  Sboond. — Given  the  same  datay  to  Jmd  the  inclinations 
i^,  Uf  of  the  chain  al  the  points  of  support. 

^       z^                 a           '         ^       X2                 a  ^    ' 

when  ^1  =  ^2,  tan  ti=tanig=  -"^ (8.) 

PfiOBLEX  Third. — Given  the  same  datOy  and  the  load  p  per  unit 
oflengfh  :  required  the  horizontal  tension  H,  and  the  tensions  R^,  R^f 
at  the  points  of  support 

■E  =  2pm^  P_f  ; (9.) 

b.  =  hvO+^jB,=h4i+^)....(io.) 


]  90  ]£ATERIALS  AKD  STRTJCTTTBEat 

When  ^j  =  f/2f  ^^oae  equationB  become 

Problem  Fourth. — Given  the  same  data  as  in  Problem  First,  iojhui 
the  length  of  the  chain. 

The  following  are  two  well-known  formnlffi  for  the  length  of  & 
parabolic  arc,  commencing  at  the  vertex,  one  being  in  terms  of  the 
co-ordinates  x  and  y  of  the  farther  extremity  of  the  arc,  luid  Uie 
other  in  terms  of  the  focal  distance  m,  and  the  inclination  i  of  the 
fiirther  extremity  of  the  arc  to  a  tangent  at  the  vertex. 

2 
=  m[tan  i  •  sec  t  +  hyp.  log.  (tan  t  +  sec  t)J O^.) 

The  length  of  the  chain  is  ^^  +  «2»  where  s^  is  found  by  putting  sc^ 
and  y^  in  the  first  of  the  above  formula,  or  t*  in  the  second,  and  s^ 
by  putting  x^  and  y^  in  the  first  formula,  or  t^,  in  the  second. 

The  following  approximate  formula  for  the  length  of  a  parabolic 

arc  is   in  many  cases   sufficiently  near  the  truth  for    practical 

purposes:  • 

2y^ 
«  =  a;+^  nearly,  (13.) 

o  X 

which  gives  the  total  length  of  the  cord, 

s,  +  8^r=a+l(^+^nearly, (14.) 

and  when  yj  =  y^  this  becomes 

2^i  =  a  +  |  •  ^WZy, (15.) 

Problem  Fifth. — Given  the  same  data,  to  find,  approximately, 
the  small  elongation  of  the  cliain  d  (s^  +  s^)  required  to  produce  a  given 
smaU  depressiiM  djofthe  lowest  point  A,  and  conversely. 


^J-J.^=t(^i  +  ?il) (16.) 

ay  *>  \Xi      x^/ 
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Whan  y^ = yj,  this  equation  becomes 

^^16y, 

These  fannnlse  serve  to  compute  the  depression  which  the  middle 
point  of  a  suspension  bridge  undergoes  in  consequence  of  a  given 
elongation  of  the  cable  or  chain,  whether  caused  by  heat  or  by 
taision. 

Peoblem  Sixth. — To  find  the  pressure  on  the  top  of  each  pier, 
"When  the  piers  of  a  suspension  bridge  are  slender  and  vertical 
(as  18  usoally  the  case),  the  resultant  pressure  of  the  chain  or  cable 
on  the  top  of  the  pier  ought  to  be  vertical  also.  Thus,  let  C  £,  in 
fig.  109y  represent  the  vertical  axis  of  a  pier,  and  C  G  the  portion  of 
the  diain  or  cable  behind  the  pier,  which  either  supports  another 
division  of  the  platform,  or  is  made  fast  to  a  mass  of  rock,  or  of 
maaoBiy,  or  otherwise.  If  the  chain  or  cable  passes  over  a  curved 
plate  on  the  top  of  the  pier  called  a  saddle,  on  which  it  is  free  to 
^de,  the  teosions  of  the  portions  of  the  chain  or  cable  on  either 
&de  of  the  saddle  will  be  equal;  and  in  order  that  those  tensions 
iDsy  compose  a  vertical  pressure  on  the  pier,  their  inclinations  must 
be  equal  and  opposite.  Let  i  be  the  common  value  of  those  inclina- 
tioos;  B  the  common  value  of  the  two  tensions;  then  the  vertical 
ftesBare  on  the  pier  is 

V  =  2Rsint  =  2Htani  =  2;?aj;  (18.) 

ihat  is,  twice  the  weight  of  the  portion  of  the  bridge  between  the 
pier  and  the  lowest  point,  A,  of  the  curve  C  B  A  D. 

Bat  if  the  two  divisions  of  the  chain  or  cable  D  A  C,  C  G,  wliich 
meet  at  C,  be  made  fast  to  a  sort  of  truck,  which  is  supported  by 
rollers  on  a  horizontal  oast  iron  platform  on  the  top  of  the  pier, 
then  the  pressure  on  the  pier  will  be  vertical,  whether  the  inclina- 
iinoa  of  the  two  divisions  of  the  chain  or  cable  be  equal  or  tmequal; 
and  it  is  only  necessary  that  the  horizontal  components  of  their  ten« 
Boon  should  be  equal;  that  is  to  say,  let  t,  i',  be  the  inclinations  of 
the  two  divisions  of  the  chain  or  cable  in  opposite  directions  at 
C,  and  B^  B'^  their  tensions,  then 

B  =  H8ect;  B'  =  H8ect''; 
V  =  B8int  +  B'sint'  =  H(tani  +  tani') (19.) 


126.  9mmpemmimm  BriJge  with  SUptas  Boda.    (A.  if.,    172.)— Let 

~B  oniibrmlj-loaded  platform  of  a  suspension  bridge  be  hung  from 
ihedmna  by  parallel  sloping  rods,  making  an  uniform  angle  y  with 
&e  rerdcaL  The  condition  of  a  chain  thus  loaded  is  the  same  with 
of  a  cbsxn  loaded  vertically,  except  in  the  direction  of  the 
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load;  and  the  form  assumed  by  the  chain  is  a  parabola,  lumn^  it^ 
axis  parallel  to  the  direction  of  the  suspension-rods. 

In  fig.  110,  let  C  A  represent  a  chain,  or  portion  of  a  chain,  ^^P" 
ported  or  fixed  at  0,  and  horizontal  at  A,  its  lowest  point.     X*et| 

A  H  be  a  horizontal  tangent  at  A,  repre- 
senting the  platform  of  the  bridge;  and 
let  the  suspension  rods  be  all  parallel 
to  C  E,  which  makes  the  angle  ^.^^  £  C  H 
=  j  with  the  vertical.  Let  B  X  repre- 
sent any  rod,  and  suppose  a  Tertdcal 
Fig.  110.  load  o  to  be  suj^ited  at  the  point  XL. 

Then,  by  the  principles  of  the  equilibrium  of  a  frame  of  two  harsj 
thiA  load  will  produce  H.puU,  p,  on  the  rod  X  B,  and  a  thrwt,  q,  on 
the  platform  between  X  and  H;  and  the  three  forces  v,  p,  7,  will  be 
proportional  to  the  sides  of  a  triangle  parallel  to  their  directions, 
8uoh  as  the  triangle  G  E  H ;  that  is  to  say. 


9:p:q::ClI  iCEi'EK:  :l  :  sec  j  :  tan/ (1.) 

Next,  instead  of  considering  the  load  on  one  rod  B  X,  consider 
the  entire  vertical  load  Y  between  A  and  X 

Let  P  represent  the  amount  of  the  pull  acting  on  tiie  rods  between 
A  and  X,  and  Q  the  total  thrust  on  the  platform  at  the  point  X ; 
then, 

V  :  P  rQ  :  :  CH  :  CE  :  EH  :  :  1  :  seci  :  tanj...  (2.) 

The  oblique  load  P  =  V  sec  j*  is  what  hangs  from  the  chain  between 
A  and  R  Being  uniformly  distributed,  its  resultant  bisects  A  X 
in  P,  which  is  also  the  point  of  intersection  of  the  tangents  A  P, 
BP;  and  the  ratio  of  the  oblique  load  P,  the  horizontal  tension 
H  along  the  chain  at  A,  and  the  tension  II  along  the  chain  at  B, 
is  that  of  the  sides  of  the  triangle  B  X  P ;  that  is  to  say. 


P  :  H  :  R  :  :  BX  iXF=:~  :  BP (3.) 

The  curve  C  B  A  is  a  parabola  having  its  axis  parallel  to  the  in- 
clined suspension  rods ;  and  ite  equation  referred  to  oblique  co-ordi- 
nates, with  the  origin  at  A,  is  as  foUowa     Let  AX  =  :c,  XB=y; 

then, 

a^  ■  cos*/  ,   . 

y  =  -4«      <*•> 

where  m,  as  in  Article  125,  denotes  the  focal  distance  of  the  para- 
bola, given  by  the  equation 
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~=-4]r <^> 

z  and  y  being  the  oo-ordinates  of  any  knoum  point  in  the  curve. 
The  length  of  the  tangent  B  P  z=  t  is  given  by  the  following 
equation : — 


<=  v/fr  +y*  +  ^y  'sin n (6.) 


Hence  are  deduced  the  following  formulse  for  the  relations  amongst 
the  forces  which  act  in  a  suspension  bridge  with  inclined  rods : — Let 
V  now  be  taken  to  denote  the  inieTiaUy  of  the  vertical  load  per  unit 
of  length  of  horizontal  platform — ^per  foot,  for  example ;  p  the  in- 
tensity of  the  oblique  load;  q  the  rate  at  which  the  thrust  along 
the  platform  increases  from  A  towards  H.    Then 

Tszpxszvx'Becj;  > (7.) 

Q  =  g  «= t?  a:  •  tanjj  j 


P <P 2<H ptx tyggsecj  ,q. 

""jT""    «   '^~y  '^      y     '  *^ 

The  horizontal  pull  H  at  the  point  A  may  be  sustained  in  three 
different  ways,  viz. : — 

L  The  chain  may  be  anrychored  or  made  fast  at  A  to  a  masQ  of 
rock  or  masoniy. 

II.  It  may  be  attached  at  A  to  another  equal  and  similar  chain, 
similarly  loaded  by  means  of  oblique  rods,  sloping  at  an  equal 
angle  in  the  direction  opposite  to  that  of  the  rods  B  X,  4ec.,  so  that 
A  may  be  in  the  middle  of  the  span  of  the  bridga 

m.  The  chain  may  he  made  fast  at  A  to  the  horizontal  platfom^ 
A  H,  so  that  the  pull  at  A  shall  be  balanced  by  an  equal  and  oppo- 
site thrust  along  the  platform,  which  must  be  strong  enough  and 
stiff  enough  to  sustain  that  thrust  In  this  case,  the  total  tlmist  at 
any  pointy  X,  qf  the  platform  is  no  longer  simply  Q  =  ^  a;,  but 

=  r(2w»'sec'j'+a;-tanj) (JLO.) 

The  length  of  the  parahdic  a/rc,  A  B,  is  given  exactly  by  the 

o 
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following  formulee : — Let  i  denote  the  indinatioii  of  the  parabo| 
at  the  point  B  to  a  line  peq)endiciilar  to  its  axi&     Then 


t  =  arc*coB  (rt-i'oos  A  (H*) 


which,  when  B  coincides  with  A,  becomes  simply  %=j,      Thei 
from  ihe  known  formoliB  for  the  lengths  of  parabolic  arcs,  w^e  hsLv\ 


parabolic  arc  AB  =  m<  tantsect  — tan^secj 

,         '     tan  t  + sect) 
^     **tan  J+secJ  j  


(12.) 


In  most  cases  which  occar  in  practice,  however,  it  is  sufficient  U 
use  the  following  approximate  formula : — 


arc 


2    t/^  *  cos  9 
AB  =  «  +  y'sini+3'j;^.^     nearly. (IS,) 


y '  sm  J- 


The  formulee  of  this  Article  are  applicable  to  Mr.  Dredge's  sus- 
pension bridges,  in  which  the  suspending  rods  are  inclined,  and 
although  not  exactly  parallel,  are  nearly  so. 

127.  i»«iiecU«M  •f  a  Flexible  Tie.  (i.  M,y  171.) — Let  a  vertical 
load,  P,  be  applied  at  A,  fig.  Ill,  and  sustained  by  means  of  a 

horizontal  strut,  A  B,  abutting  against  a 
pier  at  B,  and  a  sloping  rope  or  chain,  or 
other  flexible  tie,  ABO,  fixed  to  the 
top  of  the  pier  at  C.  The  weight  of  the 
strut,  A  B,  is  supposed  to  be  divided  into 
two  components,  one  of  which  is  sup- 
ported at  B,  while  the  other  is  induded 
in  the  load  P.  The  weight,  W,  of  the 
flexible  tie,  A  D  C,  is  supposed  to  be 
known,  and  to  be  considered  separately ;  and  with  these  data  there 
is  proposed  the  following 

PfiOBLEiL — W  being  smaU  compared  wUh  P,  tojmdapproaematdy 
ihs  vertical  depression  'ED  of  the  fleocible  tie  hdow  the  straight  line 
XOy  Ike  puUs  along  it  at  A,  J),  and  0,  and  the  horisxmtal  thrust 
aicng  AB. 

Because  W  is  small  compared  with  P,  the  curvature  of  the  tie 
will  be  small,  and  the  distribution  of  its  weight  along  a  horizontal 
line  may  be  taken  as  approxtmately  uniform;  therefore  its  figure 
will  be  nearly  a  parabola;  the  tangent  at  D  will  be  sensibly  parallel 
to  A  C,  and  the  tangents  at  A  and  C  will  n^eet  in  a  point  which 
will  be  near  the  vertical  line  E  D  F,  whidi  line  bisects  A  C,  and  is 
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bisected  in  D.  Henee  the  following  solution  is  in  general  eoA- 
cientlj  near  ibe  trath  for  practical  pnrpoeeB.  Let  K^  ^^  ^  be 
the  tensions  of  the  tie  at  A^  D,  C,  respeetiTel  j,  and  H  the  horixontal 
thnxat^  then 

».=>y/{H«+(p+^';n  (1.) 

w 

DE=JBO  ^^. 

m 

!Gie  d^ermce  ofUngih  between  the  cunre  AD  Oand  the  straight 
line  A  £  C  la  found  very  nearly  by  the  following  formula : — 


_^      8   A»DlP 


1    AP-B^    f-^)*     ,o. 

"li'     A0>    y-^||-(^) 


If  EFbe  niade»2I>£;  FC  and  FA  will  be  approzimatelj 
tangents  to  the  chain  at  C  and  A. 

128.  The  <3M«Hiry  (ii.  if.,  175),  in  the  most  general  sense  of  the 
wnndy  isthe  oanre  formed  bj  a  chain  when  loaded  in  any  manner; 
but  when  used  without  qualification,  its  application  is  usually 
restricted  to  the  case  oi  a  chain  of  uniform  section  and  material; 
loaded  witii  its  own  weight  only.  Aa  thus  defined,  the  catenaxyhas 
the  fi[4l0W]ng  properties: — 
L  All  catenaries  are  similar. 

n.  The  Jigwre  of  the  catenary  is  expressed  algebraically  by 

the  MLowing  equation.     (See  fig.  112.) 

Let  A  be  the  vertex^  or  lowest  point  of 

the  catenary,  where  it  is  horizontaL 

A^Ois  a  vertical  line,  called  the  para- 

mter,  or  modtdus  of  the  catenary,  on 

wM  aO  its  dimensions  depend ;   let 

tleJenrfli  of  that  line  be  denoted  by 

ft   TAe  0  for  the  origin  of  co-ordi- 


Fig.  Ill 


/ 


js  f  be  any  other  point  in  the  catenaiy,  whose  absdssa, 
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or  horizontal  distance  from  0,  is  0  X  =r  a;,  and  vertical  height  above 
the  same  point  X  B  =  y.     Then 

m  f  -       -A 
the  ordinate  XB=y=:^l  ^" -J- ^   "]>* 

the  arc  A  B =»  =  ^  f «~  —  « ""J=  ^/y* — *»*; 
the  abscissa  in  terms  of  the  ordinate^ 


»=mhyp.log.g+Y^g,-l); 

thearea,  A0XB=/yc?a:=-2   (e"  —  «    '^j^zms} 
the  rate  of  slope  at  the  point  B, 


^ 


ix  2  \  J      m 


(L) 


(i  being  the  angle  of  inclination  of  the  curve  at  B  to  the  horizon). 
The  radius  of  curvature  at  the  same  point  is, 


=^"(--+'--+^)< 


at  the  point  A,  ^  r=  77k 

On  B  X  as  a  hypothenuse  construct  the  right-angled  triangle 
X  T  B,  in  which  X  T  =  O  A  =  m.  Then  T  B  will  be  a  tangent  to 
the  catenaiy  at  B,  and  will  be  equal  in  length  to  the  arc  A  B  =  «. 

Through  B  draw  B  N  perpendicular  to  B  T,  cutting  O  X  pro- 
duced in  N ;  B  N  is  equal  to  the  radius  of  curvature  at  the 
point  B. 

III.  The  mechanical  properties  of  the  catenaiy  are  as  follows  : — 

Let|!>  be  the  weight  of  an  unit  of  length  of  the  chain  (as  one  foot); 

•  5  X 

*  The  functions  e  *  and  e      ■*,  or  the  Naperian  Anti-loffarUhm  of  —  and  its  nap- 

rocal,  are  most  easily  calculated  by  means  of  a  table  of  Kaperian  or  hyperbolic 
anti^ogarithms,  or,  in  its  absence,  by  a  table  of  h3rperbolic  logarithms.  Bat  iSioiild  a 
table  of  common  logarithms  or  anti-logarithms  alone  be  at  hand,  the  following  formula 
is  to  be  used  :—- 

zt:  •-  =±z  -4843    * 

c         "  =  10  "nearlv. 
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H,  tiie  lunrzonial  tensioii  at  A ;  P,  the  vertical  load  between  the 
poinis  A  and  B  ;  E,  the  tensiQii  at  B.     Then 

E=zpm;  P=p*;  H^jB^TT^^py, (2.) 

80  that  the  parameter  represents  a  length  of  chain  whose  weight  ia 
equal  to  the  horizontal  tension ;  and  the  ordinate  X  B  ^  y  at  any 
paint  represents  a  length  of  chain  whose  weight  is  equal  to  the 
tension  at  that  points 

IV.  Pboblkil — Given  Uoo  pomti  tn  a  eatenaryy  amd  the  length  of 
cJiow  heboeen  them  ;  required  the  remainder  of  the  curve. 

Let  It  he  the  horizontal  distance  between  the  two  points,  v  their 
difference  of  level,  /  the  length  of  chain  between  theuL  Those 
three  quantities  are  the  data. 

The  unknown  quantities  may  be  expressed  in  the  following 
inanner : — Let  m^,  y^  be  the  co-ordinates  of  the  higher  given  poin^ 
and  «^  the  arc  terminating  at  it,  all  measured  from  the  yet  unknown 
vertex  of  the  catenaiy,  and  «^  y^  s^  the  corresponding  quantities 
£or  the  lower  given  poinL 

Then  the  parameter  m  is  to  be  found  by  a  series  of  approximations 
from  the  following  equation: — 

m  ferm—e"  ii\=:  Jl^  —  v^; (3.) 

tb  position  of  the  vertex  horizontally^  by  either  of  the  equations, 

«i==|(TOhyp.log.^-— ^+^j;«,==^(mhyp.log.j— ^— 

^  the  poaitdon  of  the  vertex  vertically  by  calculating  y  from  x 
ttd  m  for  either  of  the  given  points. 

The  part  of  a  catenaiy  in  the  neighbourhood  of  the  vertex 
diflen  but  little  in  figure  from  a  parabola  whose  focal  distance 
^«i  -r  2,  half  the  modulus  of  the  catenary;  and  in  calculations  for 
practical  purposes  within  certain  limits,  the  parabola  may  be  used 
instead  qf  the  true  catenary,  its  equation,  being  more  simple. 

To  ahow  the  amount  of  the  difference  between  those  curves,  the 
following  comparison  is  given,  in  which,  instead  of  the  finite  equa- 
^  of  tiie  catenaiy,  an  infinite  converging  series  is  substituted. 
The  ordinate  is  supposed  to  be  measured  from  the  point  0  in  fig. 
113,  at  the  distance  m  below  the  vertex. 


Ordinate 
of  the 


Catenary;  y=^(l  +  ^^+-^+ .^J^,  +  4^^ 
Parabola;  y = m^l  +  g--, j ; 
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Slope  of 
the 


Area  of 
the 


Catenary;  f ^=- fl  + A+Ts^+Ao.'ij 
Parabola;  ^^  =  £; 

Cat«u«y;/yrf»=r««(l  +  ^+j^  + 
Parabola;  fydx:=imx\l+-^-^J; 

Catenary;  •  =  «(n-gi^+j^,+  4a); 

Pambola;  •=«  (l  +  ^-^  +  Ac.). 

It  is  to  be  borne  in  mind  that  the  quantity  denoted  by 
these  fbrmultt  is  dmt^  of  that  denoted  bj  m  in  Article  125. 
The  fbllowing  table  exemplifies  their  results  for  the  case  x 


Ac) 


Length 
of  the 


in 


OjNUnate 

Slope» 

Area 
:=mx  X 

Length 
=  a5X 

Catenary, 

Paxaboky  .... 

1-0561 
1-0556 

0*3395 
03333 

1-0186 
1-0185 

1-0186 
i-oiSa 

• 

Difference,... 

0*0005 

0-0063 

o'oooi      1     0*0004      1 

The  €3atMHU7  •fVmit^tem  MNagtii  is  the  figure  assumed  by  a  chain 
loaded  in  any  manner,  whose  sectional  area  at  each  point  is  proper^ 
tional  to  the  tension.  The  figure  assumed  by  such  a  chain,  when. 
loaded  with  its  own  weight  only,  was  inyestigated  by  Mr.  Daviea 
Gilbert,  in  a  paper  published  in  the  Philosophical  TrangaeUons  for 
1826.  The  Keverend  Canon  Moseley,  in  his  Mw^nica  of  Engineer- 
ing and  Arcldtecture,  has  investigated  the  figure  of  the  catenary  of 
equal  strength  when  the  chain  is  loaded  with  suspending  rods  and 
a  platform,  as  well  as  with  its  own  weight.  The  resulting  equations 
are  of  great  complexity  when  in  their  exact  form ;  but  Mr.  Moseley 
shows  that  in  those  cases  which  occur  in  practice  the  parabola 
forms  a  close  approximation  to  the  true  curre,  as  it  does  in  the  case 
of  the  common  catenary. 

Under  the  head  of  "  Structures  in  Iron,"  it  will  be  shown  how  fiir 
it  is  useful  in  practice  to  take  into  account  the  peculiarities  of  the 
catenary  of  uniform  strength. 
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lift  taM  me€Hmwitr  m€  m  VtasMe  flMelM.    {A.  M.,  176.)— In 

^^  ea»  in  wiiich  «  perfectl j-  flexible  stracture,  sach  as  a  oord, 

^  ciiiiD,  or  a  ftamcalBLr  poly^iOLj  is  loaded  vith  weighta  only,  the 

^m  oi  liable  eqailTbriiiiii.    in  the  stmctore  is  that  which  corree- 

^onds  to  ihe  lowest  poanible  position  of  the  oentre  of  gravity  of  the 

entire  kmL    TiuB  principle    exi&bies  all  problems  respecting  the 

eipdlshavm  ai  Tertically  IcMuled  flexible  stractures  to  be  solyed  by 

iBMiMcf  the  ''  CSalculiis  of^axiatioiui ;"  but  it  has  not  hitherto  been 

vmch  applied  to  practical  questions. 

]iaiidple  explained  in  Article  101,  p.  150,  of  ^e  transformation 
cf  a  »t  of  lines  representing^  one  balanced  system  of  forces  into 
aoo&er  set  of  lines  representing  another  system  of  forces  which  is 
alao  bakoced,  by  means  o£  ^w^bat  is  called  '<  Parallel  PaojionoK/' 
lieing  applied    to   tlie     tlieory   of  frames,  takes    the    following 

If  a  frame  vAoae  Unea  of  rMsUmct  eomtituU  a  given  figure^  he  hal- 
ateeiwdera  e^em  of  external  farces  repreeenied  by  a  given  system  of 
Imb,  (ken  wSl  a  frame  ufhose  imes  of  resistanee  eonstiMe  a  figure  wMeh 
vapwoM  profedion  of  the  origmalfgurey  he  hakmced  under  a  system 
(^ fanes  represented  bsf  ths  correepandxng  paraUel  projectkm  of  the  given 
Vtmof  Unes;  and  ike  lines  r^^ffreeenting  the  stresses  along  the  hare  of 
Aewie>  fnmswUl  he  ike  oorr^ponding  parallel  prof eetions  of  the  Unee 
Tffnauuing  ffte  stresses  dlcteg  the  ban  of  the  original  frame. 

This  theoTfan  enables  tbe  conditions  of  eqnilibrinm  of  any  nn- 
•fnanetrical  frame  whicb  li»ppeiis  to  be  a  parallel  projection  of  a 
vnmoetncai  frame,  to  be  deduced  from  the  conditions  of  equili« 
hnam  of  the  symmetrical  firaune. 

The  principle  of  transformation  by  parallel  projection  is  applica- 
ble to  contamiouBly  loaded  cbains  as  well  as  to  Dolygonal  frames, 
for  instanoe,  the  bridge-cbain  with  sloping  rods  of  Article  126, 
p  191,  nu^t  be  treated  as  Sr  x»rallel  projection  of  a  bridge-chain 
witb  vertical  rods,  made    by  subetituting  oblique  for  rectangular 

co-ordinates. 

^nie  algebiuoal  expre«nonci  for  the  alterations  made  by  parallel 
projectioD  m  the  ooHjrdinates  of  a  loaded  chain  or  cord,  and  in  the 
fi««s  applied  to  it,  aie  as  foUows:—  ^^    ^      t 

In  the  origmal  figare,  let  y  be  the  vertical  co-ordinate  of  any 
pointy  and  x  the  hoiizontal  oo-ordinate.  Let  P  be  the  vertical  load 
applied  between  any  point  B  of  the  chain  and  its  lowest  point  A  3 

let  p  =  ^- be  its  intensty  p^^*  horizontal  unit  of  length ;  let  H  be 

dx 
the  horizontal  component   of  the  tension  j  let  R  be  the  tencdon  at 
the  point  B. 

Suppose  that  in  the  transfon^^^  figure,  the  vertical  ordinate  y. 
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and  the  vertical  load  P,'  which  is  represented  by  a  Tertical  line, 
unchanged  in  length  and  direction,  so  that  we  have 

y=y;F  =  Pj (1.) 

bnt  for  each  horizontal  co-ordinate  x,  let  there  be  substitated  a 
horizontal  or  oblique  co-ordinate  a/,  inclined  at  the  angle  j  to  t^lie 
horizon  (which  may  be  =  0),  and  altered  in  length  by  the  constant 

ratio  -=0.     Then  for  the  horizontal  tension  H,  there  will   l^e 

X 

substituted  a  horizontal  or  oblique  tension  SC,  parallel  to  a/,  and 
altered  in  the  same  proportion  with  that  co-ordinate;  that  is  to  aay^ 

x'=ax;  H'  =  aH (2.) 

The  original  tension  at  B  is  the  resultant  of  the  vertical  load  !P 
and  the  horizontal  tension  H.  Let  R  be  its  amount^  and  %  its  in- 
clination to  H  j  then 

R  =  ^PM^*; (3.) 

and  the  ratios  of  those  three  forces  are  expressed  by  the  proportion 

P  :  H :  R : :  tan  t :  1 :  sec  t : :  sin  t :  cos  t :  1 (4.) 

Let  R'  be  the  amount  of  the  tension  at  the  point  B  in  the  new- 
structure,  corresponding  to  B,  and  let  H  be  its  inclination  to  the 
horizontal  or  oblique  co-ordinate  a/;  then 

R'  =  V^(F2  +  H'«=t:2FH'sinj) (5.) 

F  :  H' :  R :  :sin*' : cos (i'=±=i) :  cosj. (6.) 

The  alternative  signs  db  are  to  be  used  according  as  i^  and  j 

The  inteThsUj/  of  the  load  in  the  transformed  structure  per  tifdt  of 
length  measured  along  d  a^,  whether  horizontally  or  obliquely^  is 


^=d^=5' <^-) 


and  if  0^  be  oblique,  and  the  intensity  of  the  load  be  estimated  per 
unii  ofhorixoTUal  lengfth,  it  becomes 

p'aeoj=~l^. (8.) 

a'cos;  ^   ' 

131.  The  TfwisfennMi  Cmummrr  furnishes  a  good  example  of  the 
transformations  of  chains,  being  derived  by  parallel  projection  firom 
the  common  catenary.  It  has  already  been  stated  (see  Article 
128,  equations  1)  that  in  the  common  catenary  the  area  0  A  BX, 
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£{^  113,  is  proportioiuLl  to  the  arc  A  B,  being  equal  to  a  rectangle 
whose  sides  are  respectiyely  the  modulus  m  =:  O  A,  and  a  straight 
Jine  equal  to  the  arc  A  K     Hence  the  common  catenary  is  the 
curve  of  equilibiium  for  a  chain  supporting  a  load  which,  whether 
anang  from  its  own  weight  alone  or  from  other  -^^eights  also,  is 
proportioiial  upon  any  given  arc  A  B  of  the 
chain,  to  ^e  area  enclosed  between  that  arc, 
the  two   ordinates  A  O  and  B  X,  and  the 
directrix  O  X,  which  is  at  the  depth  m  below 
the  Tertex;  the  tntensUtf  of  the  load  at  any 
point  B  being  proportional  to  the  ordinate 
^  =  B  X.     This  condition  of  the  chain  may 
be  lepre^^ited  to  the  mind  by  conceiving  the  ^^' 

whok  load  to  consist  of  the  weight  of  an  uniformly  thick  sheet  of 
soine  unifonnly  heavy  substance,  bounded  above  by  the  catenaiy 
and  below  by  the  straight  line  O  X.  Let  w  denote  the  weight  of 
an  unit  of  area  (say  a  square  foot)  of  that  sheet;  then  in  the  Com- 
mon Catenary, 

the  horizontal  tension  H=:  ti;  *  O  A^sswm^; 

theinten8i1yoftheload,atB=^  =  to^=:-^(  6*  +  ^    "ji 
the  load  between  A  and  B  =  P=ti^  'OAXB^tofydx 


(1.) 


the  tension  at  B  ==  ^"PH^ff  =  tr  f»  y= '^  (e -+ 6"" -^^ 

Nowsuppo^p  a  curve  to  be  made,  such  as  is  represented  by  a  6  in 
%.  114,  by  preserving  the  horizontal  abscissa  of  each  point  in  the 
chain,  but  idtering  its  vertical  ordinate  in  a  constant  ratio;  so 
that 

OA.0a::yrBiy[h;            \ 
or  denoiang  O  a  by  ^«,  and  O  6  by  y'  \ (2.) 

Then  the  new  curve,  or  Transformed  Catenary,  a&,  is  the 
ibrm  of  equilibrium  fi>r  a  chain  so  loaded  that  the  load  on  any  arc 
a  6  is  proportional  to  the  area  O  a  6  X,  and  the  intensity  at  the  point 
i  to  the  ordinate  X  b.  In  the  transformed  catenary  all  the  hori- 
forcea  remain  the  same  as  in  the  original  catenary;  while  all 

fertical  forces  are  altered  in  the  ratio  y» :  m;  that  is  to  say. 
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The  horizontal  tension  H'  =  H  =  w  m*  j  '] 

the  intensity  of  the  load  at  b  =rp'  =swi/ss  '^'f** +*"  *  )  > 

the  load  between  a  and  6s=F  =  io  ff/dx  f  (3.) 

the  tension  at  6  =  ^F«  +  H« 

In  the  oonrae  of  the  application  of  these  principlesy  the  following 
problem  may  occur : — given,  the  directrix  OK,  the  vertex  tioftbe 
chain,  and  a  point  of  support  h;  it  is  required  to  complete  the  fgwre 
of  the  cham.  For  this  purpose  it  is  neoessaiy  and  sufficient  to  find 
tiie  modulus  m,  which  is  done  by  means  of  the  following  fbrmula ; 
let  ^o  =  O  a  be  the  ordinate  at  a,  ^  the  ordinate  at  the  point  of 
support^  X  the  horizontal  distance  O  X ;  then, 

«  = ..".,.         ,    (4.) 


hypiog.(^^+V;4-i) 


The  principal  use  of  the  transformed  catenary  is  as  a  figure  for 
arches.    (See  the  next  Article.) 

132.  lAmmn  AmIiot  mr  Bibs    !■  gMicna^Thclr  Tiwiii— llg». 

{A,  M.,  178.) — Conceiye  a  cord  or  chain  to  be  exactly  inyerted,  so 
that  the  load  applied  to  it,  unchanged  in  direction,  amount,  and 
distribution,  shall  act  inwards  instead  of  outwards;  suppose,  further, 
that  the  coid  or  chain  is  in  some  manner  stayed  or  stiffened,  so  as 
to  enable  it  to  preserve  its  figure  and  to  resist  a  thrust  \  it  then 
becomes  a  linear  arch  or  equilibrated  rih  ;  and  for  the  pull  at  each 
-point  of  the  original  chain  is  now  substituted  an  exactly  equal 
thrust  along  the  rib  at  the  corresponding  point 

Linear  arches  do  not  actually  exist ;  but  the  propositions  respect- 
ing them  are  applicable  to  the  lines  of  resistance  of  real  arches  and 
arched  ribs,  in  a  manner  which  will  be  explained  in  treating  of 
masoniy. 

All  the  propositions  and  equations  of  the  preceding  Articles, 
respecting  cords  or  chains,  are  applicable  to  linear  arches,  sub- 
stituting only  a  thrust  for  a  pull,  as  the  stress  along  the  line  of 
resistance. 

The  principles  of  Article  123,  p.  185,  are  applicable  to  linear 
arches  in  general,  with  external  forces  applied  in  any  direction. 

The  principles  of  Articles  124, 125, 128, 130,  and  131,  pp.  187  to 


Ecra 
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302,  are  mppbcBhh  to  linear  arofacs  imder  v&rtiml  hada;  md  in 
such  an!li€%  tbe  qnantilT'  doioted  by  H  in  the  foraralw repreaentsa 
amtkmi  tknui,  in  a  direction  perpendicular  to  that  of  the  load. 

The  farm  of  eqnilibrinm  for  a  linear  arch  under  an  uniform  load 
is  a  panMboiOy  mnikr  to  that  described  in  Article  125,  p.  188. 

In  the  ease  of  a  linear  arch  under  a  Tertieal  load,  the  word  m- 
tradtm  tb  naed  to  denote  the  figure  of  the  ardi  itself,  aad  the  word 
€x§radtmy  to  denote  a  line  traverring  the  npper  encb  of  ordinates, 
drawn  lywardg  from  the  intrados^  of  lengtos  proportional  to  the 
intenstiea  of  the  load. 

The  £gare  of  equilibrium  for  a  linear  arch  with  a  hornontal 
extiadoa  m  either  a  eatenaiy  or  a  transformed  catenary  inverted ; 
and  the  equations  of  Article  131  are  applicable  to  tbe  determination 
of  xta  figm  and  of  the  forces  which  act  in  it^  I9  being  taken  to 
denote  ^le  wei^t  of  so  much  of  the  loading  material  as  is  contained 
in  one  square  foot  of  the  area  between  the  eztradoe  O  X,  fig.  113, 
ud  the  intradoB  A  B  or  a  6.  This  is  what  is  called  by  most 
"wft^tM^Mml  writers,  an  "  equilibrated  arch.** 

The  principles  oi  Article  130,  relative  to  the  tranaformation  of 
cards  and  ehsons,  are  applicable  also  to  linear  arches  or  ribs.  This 
SBfajeet  win  be  farther  considered  in  the  sequel 

133.  ctowJM  mm  *r  mM  gi ■■■■».   {A.  M.,  179.)— A  linear 
aith,  to  resist  an  unifixrm  normal  pressure  from  without^  ahoidd  be 
cncokar. 
In  &g.  114,  let  A  B  A  B  be  a  dicnlar  linear  arch,  rib,  or  riQj^ 


¥ig.  114. 


whose  centre  is  O,  pressed  upon  firom  without  by  a  normal  pressure 
of  uniform  intensity. 

In  Older  that  the  intensity  of  that  pressure  may  be  conveniently 
expreased  in  vnitB  of  force  per  unit  of  area,  conceive  tbe  rinff  in 
qootion  to  repreeent  a  vertical  section  of  a  cylindrical  shell,  whose 
Jeogth,  in  a  direotion  perpendicular  to  the  plane  of  the  &gaxe,  is 
one  foot  li^t  p  denote  the  intensity  of  the  external  pressure,  in 
|)&  aa  the  squaze  foot;  r  the  radius  of  the  ring  in  feet;  T  the 
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thrust  exerted  ronnd  it,  whichy  because  its  length  is  one  foot,  is  | 
thrust  in  lbs.  per  foot  of  length  of  the  cylinder  j  then, 

T=zpr (1.) 

that  is  to  say : — the  thrugt  round  a  circidcMr  ring  under  an  ttniforr^ 
rtiiofmod  pressure  is  the  product  of  the  pressure  on  an  unii  of  dram 
ference  hy  the  radius. 

The  uniform  normal  pressure  p^  if  not  actually  caused  by  th^ 
thrust  of  a  fluid,  is  similar  to  fluid  pressure ;  and  it  is  equivalent  t^ 
a  pair  of  conjugate  pressures  in  any  two  directions  at  right  angled 
to  each  other,  of  equal  intensity.  For  example,  let  x  be  verticaX  2 
horizontal,  and  let  j9«,  p^  be  the  intensities  of  the  Tertical  and  horij 
zontal  pressure  respectLvely;  ^then 

JP.=JP»=I>; W 

and  the  same  is  true  for  any  pair  of  rectangular  pressures;  and  ii 
P  be  the  total  vertical  pressure,  and  H  the  total  horizontal  pres- 
sure, exerted  upon  one  quadrant  A  B  of  the  circle,  we  have 

H  =  P=T=jpr (3.) 

134.  Bniptleal  Bflbs  f«r  VMlfiMM  PraMnM*.    {A.  if.,  180.) — If  a 
linear  arch  has  to  sustain  the  pressure  of  a  mass  in  which  liie  pair 
of  conjugate  thrusts  at  each  point  are  uniform  in  amount  and  direc- 
tion, but  not  equal  to  each  other,  all  the  forces  acting  parallel  to 
any  given  direction  will  be  altered  from  those  which  act  in  a  fluid 
mass,  by  a  given  constant  ratio ;  so  that  they  may  be  represented 
by  |9araZ^j9ro^(8c<to7»  of  the  lines  which  represent  the  forces  that 
act  in  a  fluid  mass.     Hence  the  figure  of  a  linear  arch,  which  sus- 
tains such  a  system  of  pressures  as  that  now  considered,  must  be  a 
parallel  projection  of  a  circle;  that  is,  an  ellipse.     To  investigate 
the  relations  which  must  exist  amongst  the  dimensions  of  an  elliptic 
linear  arch  under  a  pair  of  conjugate  pressures  of  uniform  intensity, 
let  A'F  A'K,  B"  A"  B",  in  fig.  114,  represent  elliptic  ribs,  trans- 
formed from  the  circular  rib  A  B  A  B  by  parallel  projection,  the 
vertical  dimensions  being  unchanged,  and  the  horizontal  dimensions 
either  expanded  (as  B"  B"),  or  contracted  (as  KB'),  in  a  given 
uniform  ratio  denoted  by  c;  iso  that  r  shall  be  the  vertical  and  e  r 
the  horizontal  semi-axis  of  the  ellipse;  and  if  a;,  y,  be  respectively  the 
vertical  and  horizontal  co-ordinates  of  any  point  in  the  circle,  and 
df  y,  those  of  the  corresponding  point  ii^  the  ellipse,  we  shall  have 

a/==aj;  ^  =zcy (1.) 

If  G  C,  D  D,  be  any  pair  of  diameters  of  the  circle  at  right  angles 
to  each  other,  their  projections  will  be  a  pair  of  conjugate  diameters 
of  the  ellipse,  as  CC,  D'D';  that  is,  diameters  each  of  which  is 
parallel  to  a  tangent  at  the  end  of  the  other. 


/ 
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Jjet  IP'  he  ihe  total  Tertioal  pressnre,  and  H'  the  total  horizontal 
pccBBnre,  on  one  quadrant  of  the  ellipse,  83  A'  K,  or  A'  B";  F  is 
also  the  vertical  thrust  on  the  rib  at  B"  or  £\  and  H'  the  hoti* 
xontal  thrast  at  A'  or  A'. 

Then,  hj  the  principle  of  transformation, 


F  =  P=T=pr;     )  ,^. 


or,  £&#  to€al  tknuts  are  as  the  axes  to  which  thetf  are  parallel, 

Farther,  let  F  be  the  total  pressure,  parallel  to  any  semi- 
diameter  of  the  ellipse  (as  (V  D'  or  O'  D")  on  the  quadrant  D'  C  or 
1>"  C,  -which  force  is  also  the  thrust  of  the  rib  at  C  or  CT,  the 
extxemity  of  the  diameter  conjugate  to  O  IX  or  O"  D";  and  let 
(yD'orO'D'ss/;  then 

F=^P=;>r'; (3.) 

or,  tl«  total  ikrugti  are  as  the  semidiatneters  to  which  they  are  parallel 
Next,  let  j/^  p^g,  be  the  intensides  of  the  conjugate  horizontal  and 
vertical  prasures  on  the  elliptic  arch;  that  is,  of  the  '^principal 
stresses^'  (Articles  109,  112.)  Each  of  those  intensities  being  found 
bj  dividing  the  corresponding  total  pressure  bj  the  area  of  the 
pkne  to  which  it  is  normal,  they  are  given  by  the  following  equa- 
tion:— 


p. 


F      »     .      ff 


^  P  t  ^  /A   \ 

=—  =^;  JP.  =  —  =  cp; (4.) 

cr      c^  ^'       r         ^  ^' 


80  that  the  intensities  of  the  principal  pressures  are  as  Ae  squares  of 
the  asBU  of  the  elliptic  rib  to  which  they  are  parallel 

Hence,  to  adapt  an  elliptic  rib  to  uniform  vertical  and  horizontal 
presBures,  the  ratio  of  the  axes  of  thorih  must  he  the  square  root  of 
^  ratio  of  the  intensities  of  the  principal  pressures ;  that  is, 


OF 
OA' 


^='-V^ <«•> 

The  extenml  presstire  on  any  point  IX  or  D",  of  the  elliptic  rib 
is  directed  towards  the  centre,  O  or  O",  and  its  intensity,  per  unit 
rf  ai€a  of  the  plane  to  which  it  is  conjugate  (CK  C'  or  O'  C^,  is 
given  by  the  following  equation,  in  which  r"  denotes  the  semi- 
diameter  (O'  Jy  or  O"  D")  parallel  to  the  pressure  in  question,  and 
r'  the  conjugate  semidiameter  (O'  O  or  0"  C) ; — 


20$ 
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that  is;  ih$   mtensUy  of  the  preaure  m  tke  direction  of  a  gvt€Xi 
diameter  is  directly  as  Uiat  diameter  and  iweersAy  as  the  eae^uffate 


Let  p"  be  the  intensity  of  the  external  prensore  in  the  direction 
of  the  semidiameter  r^.    Then  it  is  evident  that 


-'---''••  ^t 


P  'P 


."f. 


(7.) 

that  is,  the  inteneities  of  a  pair  of  conjugate  pressures  ewe  to  eesch  other 
as  the  squares  of  the  conjugate  diameters  of  the  elUptic  rib  to  tohkh 
they  are  respectivdy  paralleL 

135.  DtotMted  BUlptie  Bib.  (A.  M.y  181.) — ^To  adapt  an  elliptic 
rib  to  the  sustaining  of  the  pressure  of  a  mass  in  which,  while  the 
state  of  stress  is  uniform,  the  pressure  conjugate  to  a  veitical  pres- 
sure is  not  horizontal,  but  inclined  at  a  given  angle  /  to  the 
horizon,  the  figure  of  the  ellipse  must  be  derived  from  tiiat  of  a 
circle  by  the  substitution  of  inclined  for  horizontal  oo-ordinate& 

In  fig.  115,  let  BAG  be  a  semicircular  arch  on  which  the  ex- 
ternal pressures  are  normal  and  uniform,  and  of  the  intensity  p,  as 
before ;  the  radius  being  r,  and  the  thrust  round  the  arch,  and  load 
on  a  quadrant,  being  as  before,  P  =  H=:T=pn  Let  D  be  any 
point  in  the  circle,  whose  co-ordinates  are  vertical,  O  E  =  dc,  hori- 
zontal, E  D  z=:  y.  Let  &  A'  (7  be  a  semi-elliptic  arch,  in  which  the 
vertical  ordinates  are  tJie  same  with  those  of  the  circle,  while  for 


each  horizontal  ordinate  is  substituted  an  ordinate  inclined  to  the 
horizon  by  the  constant  angle  j^  and  bearing  to  the  corresponding 
horizontal  ordinate  of  the  circle  the  contant  ratio  c;  that  is  to  say, 
let 


Then  for  the  vertical  semidiameter  of  the  circle  O  A  =s  r,  will  be 
substituted  the  equal  vertical  semidiameter  of  the  ellipse  <>  A'  :=r; 
and  for  the  horizontal  semidiameter  of  the  circle  C  B=  r,  will 
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be  sabfltitoted  the  iodined  semidiameter  of  the  eUipae  CF-e r, 
which  »  canfugaie  to  the  vertical  aemidiAineten 

The  forces  applied  to  the  elliptic  arch  are  to  be  leRolyed  into 
Tertical  and  inelined  components,  paiallel  to  (X  A'  and  C  K,  instead 
of  Tertical  and  horizontal  components.  Let  F  denote  the  total 
vertical  preasinie,  and  H'  the  total  inclined  preasore,  on  either  of 
the  elfiptic  quadrants,  CT  A',  A'F;  H<  is  also  the  inclined  thrust 
of  Uie  arch  at  A',  and  P  the  yertical  thnist  at  For  (7.     Then 

that  is  to  say,  those  forces  are,  as  before,  proportional  to  the 
diameten  to  iMch  they  oflrsparaUd, 

Let  ft*  be  the  intensity  of  the  Tertical  pressnre  on  the  elliptic 
arch  per  nnit  of  area  of  the  inclined  plane  to  which  it  is  conjugate, 
(^  F ;  let  ;/„  be  tibe  intensitj  of  the  indined  pressoie  per  unit  of 
area  of  tfie  Terdcal  plane  to  which  it  is  conjugate;  then 

^'-l--c'P'=i=op''-\/f: <')• 

«>  that,  as  before,  the  intensUiea  of  the  eonjugcUe  prtrnwree  (tre  ae  the 
Sfnairtt  i^the  diameien  to  which  they  arepcwxiUd. 

The  thrust  of  the  arch  at  any  point  D'  is  as  before,  proportional 
to  the  diameter  conjugate  to  0'  D'. 

It  is  sometimes  convenient  to  express  the  intensity  of  the  Terti- 
ad  preBBore  per  unit  of  area  of  the  horizontal  profecUon  of  the  space 
orer  which  it  is  distributed ;  this  is  giTcn  by  the  equation 

j/.  •  8ec/=s    ^*; (4.) 

It  IB  to  be  borne  in  mind  that  this  is  not  the  pressure  on  unity 
of  area  of  a  horizontal  plane  (which  pressure  is  iuTcrsely  as  the 
hodacmtBl  diameter  of  the  ellipse,  and  directly  as  the  diameter  con- 
jugsto  to  that  diameter,  to  which  latter  diameter  il^is  parallel),  but 
the  pressuie  on  that  area  of  a  plane  inclined  at  the  angle  j,  whose 
horiamtal  projection  is  unity. 

The  fallowing  geometrical  construction  serres  to  determine  the 
major  and  minor  axes  of  the  ellipse  B'  A'  C. 

Draw  O*  a  -L  and  =  O*  A'jjoin  B' a,  which  bisect  in  m ;  in  B'  a 

nodoced  both  ways  take  mp  —  m  q  =  (y  m;  join  (Vp,  (X^;  these 
nna^  which  are  perpendicular  to  each  other,  are  the  dirodiona  of 
the  axes  of  the  ellipse,  and  the  lengths  of  those  axes  are  respectively 
^oal  to  the  s^ments  of  the  linejp  q,  viz.,  Fp  =  ag^  Fg  =  ap. 
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Hie  following  is  the  algebraical  expression  of  this  solution: — ^Let 
A  denote  the  major  and  B  the  minor  semi-axis  of  the  ellipse. 
Then 


A=^  j  ^(l+c*  +  2c-oosj)+  ,y(l+c2-2c-cosj)|i 
B=  J  |v(l+c2  +  2c-cosj)- V(l+ca-2c-oosj)|; 


(5.) 


The  angle  .^e^'&  O'  p,  which  the  nearest  axis  makes  with  the 
diameter  C  B',  is  found  by  the  equation 

according  as  that  axis  is  the  longer      the  shorter. 


136.  Uihm  for  IfMWttl  PrMMDe— HydMMatic  Avch.  {A.  M.,  182, 
183,  319  A.)— The  condition  of  a  linear  arch  of  any  figure  at  any 
point  where  the  pressure  ia  normal,  is  similar  to  that  of  a  circular 
rib  of  the  same  curvature  under  a  pressure  of  the  same  intensity ; 
and  hence  the  following  principle : — the  thrust  at  any  normally 
pressed  point  of  arih  isSve  prodvct  of  the  radius  of  curvature  by  the 
intensity  of  the  pressure;  that  is,  denoting  the  radius  of  curvature 
by  f ,  the  normal  pressure  per  unit  of  length  of  curve  by  p,  and  the 
thrust  by  T, 

T=;>e a) 

It  is  further  evident,  thsLt  if  the  pressure  be  normal  ai  every  point 
of  the  rib,  the  thrust  must  be  constant  at  every  point ;  for  it  can 
vary  only  by  the  application  of  a  tangential  pressure  to  the  arch  ; 
and  ^  radius  of  curvature  must  be  inversely  as  the  pressure. 

This  is  the  case  in  the  Hydbostatio  Abch,  which  is  a  linear  arch 
or  rib  suited  for  sustaining  normal  pressure  at  each  point  propor- 
tional, like  that  of  a  liquid  in  repose,  to  the  depth  below  a  given 
horizontal  plane. 

The  radius  o^  curvature  at  a  given  point  in  the  hydrostatic  arch 
being  inversely  proportional  to  the  intensity  of  the  pressure,  is  also 
inversely  proportional  to  the  depth  below  the  horizontal  plane  at 
which  vertical  ordinates  representing  that  intensity  commence. 

In  fig.  116,  let  Y  O  Y  represent  the  level  surface  fix)m  which  the 
pressure  increases  at  an  uniform  rate  downwards,  so  as  to  be  .similar 
to  the  pressure  of  a  liquid  having  its  upper  surfiice  at  Y  O  Y.  Let 
A  be  the  crown  of  the  hydrostatic  arch,  being  the  point  where  it  is 
nearest  the  level  surface,  and  consequently  horizontal  Let  co- 
ordinates bo  measured  from  the  point  O  in  the  level  sur£EU»,  directly 
above  the  crown  of  the  arch;  so  that  O  X :=  YC  =  x  shall  be  the 
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rertical  ordinate,  and  0  Y=  X  C  =  y  tbe  horixontal  ordinate,  of  any 
poin^  C,  in  the  arcL    Let  0  A,  the  least  depth  of  the  arch  below 
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Fig.  116. 


tk  lerel  snifiice,  be  denoted  by  x^  the  radius  of  curvature  at  the 
cruwn  by  ^^  and  the  radius  of  curvature  at  any  point,  C,  by  ^ 

I^  »  be  the  weight  of  an  unit  of  volume  of  the  liquid,  to  whose 
F«swe  the  load  on  the  arch  is  equivalent  Then  the  intensities  of 
the  external  normal  pressure  at  the  crown  A,  and  at  any  point,  C, 
^wexpresKd  respectively  by 

p^^wx^\  p=iwx, (2.) 

uie  thrust  along  the  rib,  which  is  a  con&tant  quantity,  is  given  by 
tite  equation 

T  =zp^  f^  =  wxq  eo  ^p  e  =  wa?  e; (3.) 

irom  which  follows  the  following  geometrical  equation,  being  that 
wiiich  characterizes  the  figure  of  the  arch : — 


^eu  x^  and  ^^  are  given,  the  property 
of  having  the  radius  of  curvature  inversely 
proportional  to  the  vertical  ordinate  from 
&  given  horizontal  axis  enables  the  curve 
^  be  drawn  approximately,  by  the  junction 
w  a  nxuftber  of  short  circular  arcs,  as  in  fig. 
]^i'i  the  radios  of  each  short  arc  being 
^j^^^raely  as  the  mean  depth  of  that  arc 
below  OY.    The  curve  is  found  to  present 
«nne  resemblance  to  a  trochoid  (with  which, 
»<^^mT,  it  is  by  no  means  identical).     At 
f^Birtain  point,   B,  it  becomes  vertical, 
**^yoiJd  which  it  continues  to  turn,  until 
?*^  it  becomes  horizontal;  at  this  point 
rts  depth  below  the  level  surface  is  greatest, 
^^  iU  radius  of  curvature  least.     Then 
Mcending,  it  forms  a  loop,  crosses  its  former 
^^ine,  and  proceeds  towards  E  to  form  a   second  arch   similar 


Fig.  117. 
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to  B  A  B.  Its  cotIb,  consisting  of  alternate  arolies  and  loops,  all 
gimilar,  follow  each  other  in  an  endleas  series. 

It  is  obvious  that  only  one  coil  or  division  of  this  curve,  viz., 
from  one  of  the  lowest  points,  D,  through  a  vertex,  A,  to  a  second 
point,  Df  is  available  for  the  figure  of  an  arch;  and  that  the 
portion  BAB,  above  the  points  where  the  curve  is  vertical,  is 
alone  available  for  supporting  a  load. 

Let  0:^,  y^,  be  the  co-ordinates  of  the  point  R  The  vertical  load 
above  the  semi-arch  A  B  is  represented  by 


T,=.u,f\dr. (4.) 


and  this  being  sustained  by  the  thrust  T  of  the  arch  at  B^  must  be 
equal  to  that  thrust;  whence  follows  the  equation 

«  e  =  «o  eo  =  /  J^^y {^') 

J   0 

The  vertical  load  above  any  point,  C,  is 

P  =  «o/    xdyzzT  sint:  (6.) 

J  0 

t  being  the  inclination  of  the  arch  to  the  horizon. 

The  horizontal  external  pressure  against  the  semi-arch  frora  B  to 
A  is  the  same  with  that  on  a  vei-tical  plane,  A  F,  immersed  in  a 
liquid  of  the  specific  gravity  w,  with  its  upper  edge  at  the  depth  x^ 
below  the  surface  (see  Article  107,  p.  166);  and  it  is  balanced  by  the 
thrust  T  at  the  crown  of  the  arch,  so  that  its  amount  is 

H  =  «7  /"V<^a^=«'-^^  =  T=/>e. (7.) 

Equation  7  gives  for  the  value  of  the  vertical  tangent  ordinate 
atB, 

x^  =  ^ai+2«of^  (8.) 

The  horizontal  external  pressure  between  B  and  any  point,  C,  is 
equal  to  the  pressure  of  a  liquid  of  the  specific  gravity  u?  ou  a 
vertical  plane  X  F  with  its  upper  edge  immersed  to  the  depth 
X,  so  that  its  amount  is 


wj  'pdx  =  w'  — 2"^  =  T  cosi. (9.) 

The  various  geometrical  properties  of  the  figure  of  the  hydro- 
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static  arch  expressed  by  the  preceding  equations  are  thus  summed 
up  in  one  formula^ — 

x^.o  =  *^=y^*^y  =  -3i^-^-  =  -2-  =  7^,-  (10.) 

To  obtain  exact  expressions  for  the  horizontal  co-ordinate  y, 
vhose  maximum  Talue  is  the  half-span  y^  and  also  for  the  lengths 
of  area  of  the  curve,  it  is  necessary  to  use  elliptic  functions.  Those 
fonctions  are  so  little  studied  that  their  use  will  not  be  further 
adverted  to  here.  The  reader  is  therefore  referred,  for  further  infor- 
mation on  that  fK)int,  to  the  papers  of  M.  TTon-YiUaroeaux,  in  the 
Memoires  des  S<ivans  ^traTigers,  toL  xii.,  and  in  the  Beuue  de 
rArchitechtre  for  1845,  and  to  A  Manual  of  Applied  Mechamics^ 
p.  193. 

For  practical  purposes,  the  following  approximation  is  in  general 
s^nfficient :— — 

Pboblex. — Given  the  rise  F  A  =  o  and  half-spam  F  B  =  y,,  of 
a  proposed  hydrostatic  arch :  it  is  required  to  find  the  depth  of 
loiid  Xq  at  the  crown,  and  the  radii  of  curvature,  ^q,  ^^,  at  the  crown 
A  and  springing  B,  to  draw  the  arch,  and  to  compute  its  load  and 
thrust 

A  close  approximation  to  «o  ^  given  as  follows : — 


Let  6  =  y^  +  2^'  -;  then 


«A  =  «• 


a» 


Ifi—a^' 


\ 


(11.) 


Then  observing  that  o^  =  O  F  =  «q  +  <»,  we  find,  from  equation 


^  ^  Xn  2  Xr 


0  ^  *0 


(12.) 


Xi  —  aj  _     a^  [ 

^~~^^-'*       2(«o"+ayJ 

These  radii  being  known,  the  figure  of  the  arch  can  be  drawn 
approximately  by  small  circular  arcs,  as  in  ^g.  117,  already 
described. 

The  load  on  the  half-arch,  and  the  thrast,  which  are  equal  to 
each  other,  are  now  to  be  computed  by  equation  7,   p.  210. 

A  mechanical  mode  of  drawing  a  hydrostatic  arch  is  based  on 
thd  fact^  that  its  figure  is  identical  with  one  of  the  *' elastic 
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curves"  or  forms  assumed  by  aji  uniformly  stiff  spring  when  bent^ 
(4.  if.,  319a.) 

The  accuracy  of  figure  and  uniformity  of  stiffness  of  a  spring  are 
to  be  ascertained  by  the  two  following  tests : — 

Firsts  the  spring  when  unstrained  diould  be  exactly  straight : 

Secondly,  when  bent  into  a  hoop  by  pinching  the  two  ends 
together,  it  should  form  an  exact  circle. 

A  spring  A  (fig.  118),  fulfilling  these  conditions,  is  to  have  its 

ends  fibced  to  two  bars  at 
^     Cr\ .yaSi — ^      B  and  D,  and   the   other 

^\         ^..'^'X'^v^        //  ^^^^  ^^  those  bars,  C  and 

^   jT^       ^\    jy  E,  are  to  be  pulled  directly 

^/  \y  asunder.  Then  the  straight 

^  %  line   C   E  in  which    the 

-pig  ^]g  forces  so  pulling  the  bars 

are  exerted,  will  represent 
the  upper  surface  of  the  loading  material,  and  the  spring  A  will 
assume  the  figure  of  the  corresponding  hydrostatic  arch.  Any 
proportion  of  rise  to  span  can  be  obtained  by  varying  the  tension 
on  the  ends  of  the  bars,  and  the  proportion  which  ^eir  lengths 
bear  to  the  length  of  the  spring. 

137.   Tranaferwed  HrdvMlMtlc,  w  CkiMOitle  Arch.    (A,  M.^ISL) — 

It  has  been  proposed,  by  this  term,  to  denote  a  linear  arch  of  a 
figure  suited  to  sustain  a  pressure  similar  to  that  of  earth,  which 
(as  will  be  shown  in  the  sequel)  consists,  in  a  given  vertical  plane, 
of  a  pair  of  conjugate  pressures,  one  vertical  and  proportional  to 
the  depth  below  a  given  plane,  horizontal  or  sloping,  and  the  other 
parallel  to  the  horizontal  or  sloping  plane,  and  bearing  to  the 
vertical  pressure  a  certain  constant  ratio,  depending  on  the  nature 
of  the  material,  and  other  circumstances  to  be  explained  in  the 
sequel.  In  what  follows,  the  horizontal  or  sloping  plane  will  be 
called  the  conjugala  plane,  and  ordinates  parallel  to  its  line  of 
steepest  declivity,  when  it  slopes,  or  to  any  line  in  it,  when  it  is 
horizontal,  conjugate  ordinates.  The  intensity  of  the  vertical  pres- 
sure will  be  estimated  per  unit  of  area  of  the  conjicgate  plane;  and 
the  pressure  parallel  to  the  line  of  steepest  declivity  of  that  plane, 
when  it  slopes,  or  to  any  line  in  it,  when  it  is  horizontal,  will  be 
called  the  conjtigate  presaure,  and  its  intensity  will  be  estimated  per 
unit  of  area  of  a  vertical  plane. 

Let  2>jp  denote  the  intensity  of  the  vertical  pressure,  and  p, 
that  of  the  conjugate  pressure,  at  any  given  point.  Construct  . 
the  figure  of  a  hydrostatic  arch  suited  to  sustain  fluid  pressure 
of  the  intensity  p^.  Then  the  transformed  arch  is  to  be  drawn 
by  preserving  all  the  vertical  co-ordinates  of  the  hydrostatic 
arch,  and  changing  the  horizontal  co-ordinates   into  conjugate 
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co-ordinates,    haviDg    their    lengths    altered    in    the    oonstant 
zadou 


=Vi' 


(1) 


exactly  aa  in  the  case  of  transforming  a  circular  into  an  elliptic 
nb,  in  Article  134  and  135. 

The  radius  of  curvature  at  the  springing  is  altered  in  the  ratio 

and  that  at  the  crown  in  the  ratio  c'  :  1. 


1 


Let  P,  P,  be  the  total  vertical  loads  on  one-half  of  the  original  ' 
and  transformed  half-arch  respectively;  H  ^  P  and  H',   their 
Ycspective  conjugate  thrusts,  of  which  the  former  Lb  horizontal,  and 
the  latter  may  be  horizontal,  or  inclined  at  the  angle  / 

Then  the  bulk  of  the  transformed  arch  with  its  load  is  altered  in 
the  ratio  of  c  cos^ :  1  ;  and  if  the  new  and  transformed  arches  be 
of  the  same  material,  we  find, 

F  =  ccosi-P;  H'  =  cF  =  c2oosj'-P. (2.) 

13S.  A  Mjtmumr  Ank  w  Bib  mtumf  VIgmw  (A.  M,,  185,  187),  under 
a  Vertical  load  distrSmied  in  any  manner^  being  given,  it  is  always 
possible  to  determine  a  system  of  horizontal  or  sloping  pressures, 
which,  being  applied  to  that  rib,  will  keep  it  in  equilibrio.  These 
last  may  be  called  the  Conjugate  Pretturea, 

The  only  case  which  will  here  be  given  in  detail  is  that  in 
wludi  the  conjugate  pressures  are  horizontal,  and  the  load  symme- 
tricsllT  distributed  on  each  side  of  the  crown  of  the  arch,  A, 

fig  119. 

Pboblem  I. — ^To  find  the  total  horizontal  pressure  against  the 
lib  below  a  given  point.  The  following  is  the  graphic  solution  of 
this  problem : — ^Let  C  be  any  point  in  the  rib. 


II 

Fig.  119.  Fig.  120. 

In  the  diagram  of  forces,  fig.  120,  draw  o  c  parallel  to  a  tangent 
to  tlie  rib  at  c  Draw  the  vertical  line  o  6  as  a  scale  of  loads,  ou 
¥licb  take  o  hzzVU>  represent  the  vertical  load  supported  on  the 
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arc  A  C.  Through  h  draw  the  horizontal  line  h  c,  cutting  o  c  in  c; 
then  0  c  =  T  wiU  be  the  thrust  along  the  rib  at  C,  and  A  c  =:  H, 
the  horizontal  component  of  that  thrust,  will  be  the  total  horizonial 
presswre  which  must  he  exerted  agmnst  C  B,  the  part  of  the  rib 
bdow  C. 

This  solution  is  expressed  algebraically  as  follows : — As  the 
origin  of  co-ordinates  in  fig.  119,  take  any  convenient  point  O  in 
the  vertical  line  O  A  traversing  the  crown  of  the  arched  rib;  let 
O  X  =  Y  C  =  05  and  OY  =  XC  =  ybe  the  co-ordinates  of  the 
point  C ;  so  that  if  t  is  the  inclination  of  the  arch  at  0  (and  of  ihe 
line  o  c  in  fig.  1 20)  to  the  horizon,  dy-r-d  x=-  cotan  i. 

Then, 

H  =  P^  =P  cotan  tj  T  ==  ^/P^  -f  H2  =  Pcosect.  (1.) 

d  X 

Froblbx  IL — ^To  find  the  thrust  at  the  crown  of  the  rib. 

The  preceding  process  fails  to  give  any  result  for  the  crown  of 
the  rib  A;  but  the  principle  of  Article  133,  p.  204^  shows,  that  if 
/>o  be  the  value  oi  dV  -^  d  yy  the  intensity  of  the  load,  at  that 
point,  the  horizontal  thrust  is 

^0=  1*0  POi (2-) 

^0  being  the  radius  of  curvature  of  the  rib  at  its  crown. 

Probleic  til — To  find  the  mean  intensity  of  the  horizontal 
pressure  required  in  a  given  layer  of  the  spandrU;  that  is,  of  the 
mass  of  material  touching  the  convex  side  of  the  rib.     (Fig.  119.) 

Let  CK  (fig.  119)  be  a  point  in  the  arch  a  short  way  below  C, 
whose  co-ordinates  are  x-^d  x,  y  +  dy,  ao  that  dxis  the  depth 
of  the  horizontal  layer  C  E  F  C.  In  the  diagiiun  of  forces  (fig. 
120),  draw  o  cf  parallel  to  a  tangent  to  the  rib  at  0;  on  the 
vertical  scale  of  loads  take  oA'  =  P  +  c?Pto  represent .  the 
vertical  load  on  the  arc  A  C7;  draw  the  horizontal  line  h'  &  cutting 
o  d  ind.  Then  o  C  =  T"  is  the  thrust  along  the  rib  at  C' j  and 
h'  (f  sz  H',  the  horizontal  component  of  that  thrust,  is  the 
horizontal  pressure  which  must  be  exerted  against  the  part  of  the 
rib  below  0' ;  so  that 

A  c  —  A'  c'  =  H  —  H'  =  —  (^  H, (3.) 

is  tlie  horizontal  pressure  to  be  exerted  through  the  layer  C  E  E*  C* 
and 

dn_        d  (     dy\  . 

^'^~'dx  ^~d~io\    'd'i)  ^**' 

tbe  intensity  of  that  pressure. 
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Tlie  negfttive  siga  prefixed  to  df  H  deaotea  ihat  if  H  dindnighea 
in  gomff  downwards,  as  ia  the  example  given,  pressure  is  required 
thioagk  the  layer.  Through  those  layers  at  which  H  increases  in 
yoimg  downwardsy  either  Unsiun  from  unthout,  or  pressure  /rom 
wiiius^  is  required  to  keep  the  rib  in  equilibria 

Pboblbm  IV. — To  find  the  greatest  horizontal  thrust,  and  the 
"  point  of  Tapture,**  and  '^  angle  of  ruptura'* 

Firsi  Solttdon, — ^By  a  graphic  process.  Through  o  in  fig.  120, 
draw  a  number  of  radiating  lines,  such  as  o  e,  o  C,  &c,  parallel  to 
the  rib  at  Tarioas  points,  as  G,  O",  ifec.,  and  find  as  in  Problem  L 
and  IIL,  the  lengths  of  those  lines  so  as  to  represent  the  thrust 
along  the  xib  at  the  serenl  points  0,  C,  <ba  The  length  of  the 
horuaontal  line  o  a,  representing  the  thrust  at  the  crown,  is  to  be 
calcolated  as  in  Problem  IL  Through  the  points  a,  c,  </,  &c.) 
thus  found,  draw  a  curve.  Find  the  point  d  in  that  curve  which 
is  fiiithest  from  the  scale  of  loads  o  b;  then  the  horizontal  line 
dk  =i'H^  will  represent  the  maidmum  horizontal  thrust. 

Join  o  df  and  find  the  point  D  in  fig.  119,  at  which  the  rib  is 
parallel  to  o  d;  this  is  the  "  point  of  rupture,"  or  point  at  which 
1^  horizontal  thrust  attains  a  maximum;  and  me  "angle  of 
rapture  **  is  the  inclination  of  the  rib  at  that  point,  or  ,^  do  ain. 
fig.  120,  which  will  be  denoted  in  the  sequel  by  t^. 

The  horizontal  plane  D  F  is  the  upper  boundaiy  of  that  part  of 
the  spandiil  which  exerts  the  maximum  horizontal  presBure  H^^ 

Second  SohUioTL — By  arithmetical  trials.  Compute,  as  in  Problem 
L,  the  values  of  H  for  some  points  in  the  arch.  Between  the  point 
which  gives  the  greatest  value  of  H  in  the  first  set  of  trials,  and 
the  two  on  eiUier  side  of  it,  introduce  intermediate  points,  for 
which  compute  the  values  of  H,  and  repeat  the  process  until  the 
point  of  rupture  is  found  with  the  desired  d^ree  of  exactness. 

Third  Solution. — By  the  differential  calculus  and  the  solution  of 
an  equation.  If  the  relations  between  x,  y,  and  P  can  be  expressed 
by  equations,  make  the  expression  for  the  intensity  of  the  horizontal 
prewure  in  equation  4  equal  to  0;  and  by  solving  the  equation  so 
obtained,  deduce  the  position  of  D  and  the  values  of  if^  and  Hq. 
The  equation  to  be  solved  has,  in  roost  cases,  tv^o  roots,  one  of 
▼hich  corresponds  to  the  crown  of  the  arch  A,  and  the  other  to 
the  required  point  D;  but  it  is  easy  to  distinguish  between  them. 
If  there  are  more  than  two  roots,  they  indicate  a  set  of  points 
at  each  of  which  p,  =  0,  and  which  are  alternately  points  of 

ifi^according  as  -^  ^{S^l^}-    ^^^^  ^^  ^^  ^^^  *^ 
of  rare  occairenoe  in  practice. 
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If  there  is  but  one  root,  it  oorresponds  to  the  crown  of  the  rib;  tbe 
hydrostatic  aroh  (Article  136),  is  an  example  of  this,  in  which  the 
crown  is  the  point  of  greatest  horizontal  throstw  In  the  Catenary 
(Article  128)^  and  Transformed  Catenary  (Article  131^  and  other 
"  carves  of  equilibrinm"  for  vertical  loads  (Ajrtide  123),  H  is  coz>- 
Btant^  and  p,  =  0  for  every  point  in  the  rib. 

1£  the  rib  rises  verticalli/  from  its  springing-point,  as  at  B,  the 
whole  of  the  horizontal  pressnre  which  sostains  it  is  distributed, 
through  the  layers  of  the  spandriL  (The  tei*m  **  complete"  has  lately 
been  introdnced  to  denote  such  a  rib.)  If  the  arch  rises  obliquely 
from  such  a  springing-point  as  C,  part  at  leaab  of  its  greatest 
horizontal  thinist  consists  of  the  horizontal  component  of  the 
thrust  along  the  rib  at  that  point.  8uch  a  rib  is  said  to  be 
^*eegmerUaL 

Let  t^  denote  the  inclination  to  the  horizon  of  the  rib  ai  its 
springing-point,  and  P«  the  whole  vertical  load  from  the  crown  to 
the  springing-point:  then  the  horizontal  component  in  question  ia 
P|  ootan  ij ;  so  that  H^  —  P^  cotan  i^  is  the  part  of  the  greaiest 
horizontal  thrust  which  is  distributed  through  the  spandriL 

Problem  Y. — To  find  the  position  of  the  resultant  of  the 
maximum  horizontal  thrust 

From  the  point  of  rupture  D  down  to  the  springing,  conceive  the 
spandril  to  be  divided  into  horizontal  layers.  Let  d  w  denote  the 
depth  of  any  one  of  those  layers;  p^  the  intensity  of  the  horizontal 
pressure  exerted  by  it  against  the  nb ; 

X,  the  depth  of  its  oentro  below  O  T,  fig.  119  ; 
00,  the  depth  of  the  joint  of  rupture  below  O  Y; 
«j,  the  depth  of  the  springing-point  below  O  Y; 

Then,  «h>  the  required  depth  of  the  resultant  bebw  O  Y,  may 
be  expressed  in  either  of  the  foUowing  forms : — 

/^xdTL       / ,^« ;;,  <f  «  +  ar.  Pi  cotan t, 
H —  — HI '*'-\p.} 

Example  1. — In  the  Cdenofry  and  Traneformei  Caienary,  and 
other  ribs  equilibrated  under  vertical  loads, 

H^s  Pj  cotan  i^;  »   =  rrj (6.) 

Example  11. — In  t^Semieiradar  Eib  of  the  radius  r  under  ufUfirm 
normal  pressure  of  the  intensity  p;  let  the  origin  of  co-ordinates 
be  at  the  crown  of  the  arch. 
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Ho=/>r;  x^  =  | (7.) 

As  to  aemi-dliptic  arches  under  ooDJugate  uniform  preamresy  see 
Article  134,  p.  205. 

BaBompte  III. — In  the  HydrvstcMc  Ardi^  as  in  fig.  116,  Article 
136,  p.  209,  let  the  origin  of  co-ordinates  be  in  the  extrados 
above  the  crown ;  then 

Ho=«-?«--^;x.  =  |.^. (8). 

In  the  transformed  hydrostatic  or  geostatic  arch,  Xh  is  the  same 
as  in  the  hydrostatic  arch.  As  to  the  thrust,  see  Article  137, 
p.  213, 

Example  TV. — ^In  a  Semicircular  Rib  with  a  horizontal  extrados, 
let  r  be  the  radins  of  the  rib ;  let  the  origin  of  co-ordinates  be  at 
Uie  cr^nen  of  the  arch ;  let  m  r  be  the  height  of  the  extrados  above 
the  crown ;  and  let  w  be  the  weight  of  each  unit  of  vertical  area 
of  the  load. 

The  intensity  of  the  horizontal  pressure  through  a  given  layer 
of  the  spandril  is, 

/-    ,                  .      i — cost  sin  i\  .^  . 

;,,  =  irr(^l+m-cos» 2sin3-t~y (^•> 

The  angle  of  rupture  i^  is  found  by  solving  the  transcendental 
equation, 

ft  =  o, (lb.) 

This  is  to  be  done  by  successive  approximations ;  and  as  a  first 
a{^xozimation  may  be  taken 

^  =  arc 'COS ^ — approximately.  (10  a.) 

The  maximum  thrust  is  given  by  the  formula 

and  the  depth  of  its  resultant  below  the  crown  of  the  arch  by  the 
fbrmola 

a?B  =  H    7  fe  Pf8int(l  —  oost)flfi (12.) 

Example  V.- — ^In  &  CvreuU^  Segmental  Rib  with  a  horizontal 
extnukML  i^^  ^  ^  ^^  inclination  of  the  arch  at  the  springing. 
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ani  Pj  the  vertical  load  at  the  spriDging,  and  let  the  rest  of  the 
notation  be  as  in  the  last  example 

Let  the  angle  of  rupture  be  found  as  before. 

Cane  1. — Iq  '^  or  =^iy.     Then 

Hq  =  Pi  ootani^;  rcg  ==  r  (1  —  obs  i^) (13.) 

Case  2. — i^  <  t\.     Find  Hq  and  p^  as  in  Example  FV.  ;  then 

arji  =  --r    <  r*  /  ?  p,  sin  I  (1  — cos  %Sdi-]r  r  Pi  ootan  i, 

^^    •'  ^  1(14.) 

(1  —  cos  *i)|  J 

Example  VI. — Semi-eUiptic  Rih,  with  a  Iwrizonkd  extrcuios. 
Conceive  a  semicircular  rib  whose  radius  is  equal  to  the  rise  of 
the  semi-elliptic  rib,  and  extrados  at  the  same  height  above  the 
crown,  and  find  H^  and  x^  for  the  semicircular  rib  as  in  Example 
I Y.  Xji  for  the  semi-elliptic  rib  will  be  the  same ;  and  the  thrust 
is  to  be  found  by  the  principle  of  transformation,  as  in  Article 
134,  p.  205. 

The  best  form,  however,  for  oval  complete  ribs  is  that  of  the 
hydrostatic  arch,  which  sufficiently  resembles  the  semi-ellipee  to  be 
substituted  for  it 

139.  P«lBtc«  Bib. — If  a  linear  arch,  as  in  fig.  121,  consists  of 

two  arcs,  B  C,  C  B,  meeting  in  a  point  at  C,  it  is 
necessary  to  equilibrium  that  there  should  be  oon- 
centiuted  at  the  point  C  a  load  equal  to  that  which 
would  have  been  distributed  over  the  twro  arcs 
A  C,  0  A,  extending  from  the  point  C  to  the 
respective  crowns,  A,  A,  of  the  curves  of  which 

Fig.  121.        two  portions  form  the  pointed  arch 
Under  the  head  of  "  Masonry  "  it  will  be  shown  how  and  under 
what  circumstances  that  concentration  of  load  becomes  unneoesaary 
in  stone  arches, 

140.  SiaMiiiy  •£  Bi«ck«.  {A.M,,  205,  206.)— The  conditions  of 
stability  of  a  single  block  supported  upon  another  body  at  a 
plane  joint  may  be  thus  summed  up : — 

In  fig.  122,  let  A  A  represent  the  upper  block, 
B  B  part  of  the  supporting  body,  e  E  the  joints 
C  its  centre  of  pressure,  P  C  the  resultant  of 
the  whole  pressure  distributed  over  the  joint, 
N  C,  T  C,  its  components  perpendicular  and 
parallel  to  the  joints  respectively.  Then  the 
"»  conditions  of  stability  are  the  following : — 
Fig.  122.  L  In  order  thcU  tJie  block  may  not  dide,  the 
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o'Jiquittf  of  the  presawre  must  not  exceed  ike  angle  of  repoee  (see 
Ar^de  110,  p.  171),  that  is  to  say, 

^PCN^«) (1.) 

II.  In  order  that  the  Hock  may  be  in  no  danger  of  overturning^  the 
ratio  tehich  the  deviation  of  the  centre  of  pressure  from  the  centre  of 
ngure  of  the  joint  bears  to  the  length  of  the  diameter  of  the  joint 
traversing  those  two  centres^  must  Tiot  exceed  a  certain  fr(tetion.  The 
valoe  of  that  firactioii  varies,  according  to  circumstances,  which 
vill  be  explained  in  treating  of  Masonry,  from  one-eighth  to  three- 
eightbsL 

The  first  of  these  conditions  is  called  that  of  stability  offriction^ 
the  second,  that  of  stability  of  position. 

In  a  sta-uctore  composed  of  a  series  of  blocks,  or  of  a  series  of 
ooorses  so  bonded  that  each  may  be  considered  as  one  block,  which 
bbcks  or  courses  press  against  each  other 
at  plane  joints,  the  two  conditions  of 
stability  must  be  fulfilled  at  each  joint.  A^.-:::<ir^     3? 

Let  fig.  123  represent  part  of  such  a 
stmcUire,  1.  1,  2,  2,  3,  3,  4,  4,  being 
some  of  its  plane  joints. 

Suppose  the  centre  of  pressure  C^  of 
the  joint  1.  1,  to  be  known,  and  also  the 
amount  and  direction  of  the  pressure,  as 
indicated  by  the  arrow  traversing  C|.  ^'  ^23. 

With  that  pressure  combine  the  weight  of  the  block  ],  2,  2,  1, 
together  with  any  other  external  force  which  may  act  on  that  block ; 
the  resnltant  will  be  the  total  pressure  to  be  resisted  at  the  joint 
2,  2,  which  will  be  given  in  magnitude,  direction,  and  position,  and 
will  mtersect  that  joint  in  the  centre  of  pressure  Cj.  By  continu- 
ing this  process  there  are  found  the  centres  of  pressure  C3,  C^  <fea, 
of  any  number  of  successive  joints,  and  the  directions  and  magni- 
tudes of  tiie  resultant  pressures  acting  at  those  joints. 

The  magnitude  and  position  of  the  resultant  pressure  at  any  joint 
whatBoever,  and  consequently  the  centre  of  pressure  at  that  joint, 
may  also  be  found  simply  by  taking  the  resultant  of  all  the  forces 
vhich  act  on  one  of  the  parts  into  which  that  joint  divides  the 
Uruciure. 

The  centres  of  pressure  at  the  joints  are  sometimes  called  centres 
of  resistance.  A  line  traversing  all  those  centres  of  resistance,  such 
as  the  dotted  line  R  R,  in  fig.  122,  has  received  from  Mr.  Moseley 
the  name  o{  the  '^line  of  resistance;"  and  that  author  has  also 
shown  how  in  many  cases  the  equation  which  expresses  the  form  of 
that  line  may  be  determined,  and  applied  to  the  solution  of  useful 
/at>bieni&  , 
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The  straight  lines  representing  the  resultant  pressures  may  be  all 
parallel,  or  may  all  lie  in  the  same  straight  line,  or  may  all  inter- 
sect in  one  point  The  more  common  case,  however,  is  that  in 
which  those  straight  lines  intersect  each  other  in  a  series  of  points, 
so  as  to  form  a  polygon.  A  curve,  such  as  P  P,  in  fig.  95,  touch- 
ing all  the  sides  of  that  polygon,  is  called  by  Mr.  Moseley  the 
"  line  0/ pressures,** 

The  properties  which  the  line  of  resLstance  and  Une  of  pressures 
must  have,  in  order  that  the  conditions  of  stability  may  be  fulfilled, 
are  the  following: — 

To  insu/re  stability  of  position,  the  line  of  resistance  must  not 
deviate  from  the  centre  of  figure  of  any  joint  by  mere  than  a  certain 
fraction  of  the  dvaaneter  of  the  joints  m/ea-w/red  in  the  direction  of 
demoHon. 

To  insure  stability  of  friction,  tite  normal  to  each  joint  must  not 
make  an  angle  greater  than  the  angle  of  repose  with  a  ia/ngent  to  the 
line  of  pressures  drawn  through  the  centre  of  resistance  of  tJuU 
joint 

The  moment  of  stability  of  a  body  or  structure  supported  at  a 
given  plane  joint  is  the  moment  of  the  couple  of  forces  which  must 
be  applied  in  a  given  vertical  plane  to  that  body  or  structure  in 
addition  to  its  own  weight,  in  order  to  transfer  the  centre  of 
resistance  of  the  joint  to  the  limiting  position  consistent  with 
stability,  and  is  equal  to  the  product  of  the  weight  of  the  body  or 
structure  by  the  horizontal  distance  of  a  vertical  line  traversing  its 
centre  of  gravity  from  the  limiting  position  of  the  centre  of 
resistance  of  the  base  or  supporting  joint  The  applied  couple 
usually  consists  of  the  thrust  of  a  frame,  or  an  arch,  or  the  pressure 
of  a  fluid,  or  of  a  mass  of  earth,  against  the  structure,  together  with 
the  equal,  opposite,  and  parallel,  but  not  directly  opposed,  resistance 
of  the  joint  to  that  lateral  force. 

141.  Tnw>rom«ttM  •r  Bl«ckw«rk  8Metw««.  (ii.  If.,  208,  209.) 
— ^If  a  structure  composed  of  blocks  have  stability  of  position  when 
acted  on  by  forces  represented  by  a  given  system  of  lines,  then  will 
a  structure  whose  figure  is  a  parallel  projection  of  the  original 
structure  have  stability  of  position  when  acted  on  by  forces  repre- 
sented by  the  corresponding  parallel  projection  of  the  original 
system  of  lines;  also,  the  centres  of  pi'essure  in  the  new  structure 
will  be  the  corresponding  projections  of  the  centres  of  pressure  in 
the  original  structure. 

The  question,  whether  the  new  structure  obtained  by  trans- 
formation will  possess  stabUiiy  of  friction  is  an  independent 
problem. 

The  application  of  the  principles  of  the  stability  of  blockwork 
structures  will  be  illustrated  under  the  head  of  Masonry. 
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Sechoh  V. — Of  ihe  ^Strength  of  Materials  in  General. 


142.— flmlB,  glro»,  Stmgih.  WMfkla*  I.m4.  (A.  If.,  244.) — 
The  present  section  contains  a  snmmaiy  of  the  principles  of  the 
strength  of  materials  so  far  as  they  relate  to  questions  which  arise 
in  designing  structures.  The  rules  are  given  without  demon- 
EQution,  in  as  small  compass  as  possible,  in  order  to  save  the 
netessity  of  referring,  in  ordinary  cases,  to  more  bulky  treatiBes; 
and  lie  almost  aU  abstracted  and  abridged  from  the  treatise  already 
referred  to  on  Applied  Mechanics,  Part  IL,  Chapter  III. 

The  load,  or  combination  of  external  forces,  which  is  applied  to 
any  piece  in  a  structure  produces  strain,  or  alteration  of  the 
Toiumes  and  figures  of  the  whole  piece,  and  of  each  of  its  partides, 
which  is  accompanied  by  stress  amongst  the  particles  of  l^e  piece, 
being  the  comhination  of  forces  which  they  exert  in  resisting  the 
teodenc^  of  the  load  to  disfigure  and  break  the  piece.  If  the  load 
is  (^ntiiraally  increased,  it  at  length  produces  either  fractiwre,  or  (if 
the  material  is  very  tough  and  ductile)  such  a  disfigurement  of  the 
ia^%  aa  is  practically  equivalent  to  firacture,  by  rendering  it  useless. 

The  VUtaMrte  Scrcnsik  mr  WSnmUmg  limmd  of  a  body  is  the  load 

rwimred  to  produce  ^cture  in  some  specified  way.  The  PM«r 
^ffnaph  mt  pM«r  M^mmd  is  the  load  required  to  produce  the  greatest 
sliain  of  a  specific  kind  consistent  with  safety;  that  is,  with  the 
mention  of  the  strength  of  the  material  unimpaired.  A  load 
exceeding  the  proof  strength  of  the  body,  although  it  may  not 
P^oce  instant  fracture,  produces  fracture  eventually  by  long- 
contiiiTied  application  and  frequent  repetition.* 

The  ir«rkta|(  i^Mid  on  each  piece  of  a  structure  is  made  less  than 
the  proof  strength  in  a  certain  ratio  determined  by  practical  ex- 
perience, in  order  to  provide  for  unforeseen  contingencies. 

*  A  ioies  of  experiments  on  the  effect  of 'the  frequent  application  and  removtU  of 
*I<»d,vere  made  by  the  Commusioners  on  the  Application  of  Iron  to  Kail  way 
bcractBrai,  the  general  re3iilt3  of  which  were  as  follows : — 

^^  cstt  iron  bars  were  exposed  to  successive  transverse  blows,  each  blow 
pfododng  oae-Mm/  of  the  ultimate  deflection  (or  deflection  immediately  before  break- 
uig),  tb^  bore  4,000  such  blows  without  having  their  strength  impaired ;  but 
*^  tVe  force  of  each  blow  produced  one-half  of  the  ultimate  deflection,  evcrv 
i»r  broke  before  receiving  the  4,000th  blow. 

When  cast  iron  ban  were  exposed  to  suocesrive  deflections  by  means  of  a  cam,  of 
("•-tiird  of  the  ultimate  deflection,  they  bore  100,000  such  deflections  without 
^yinf:  their  strength  impaired;  but  when  each  deflection  was  one-half  of  the 
iJtinute  deflection,  the  bars  broke  with  fewer  than  900  deflections. 

"^Id  wrought  iron  bars,  no  perceptible  effect  was  produced  by  10,000  socoesAive 
<^cctioii«,  by  means  of  a  revolving  cam,  each  deflection  being  due  to  half  the  weight, 
tbich,  vhen  applied  statically,  produced  a  large  permanent  deflection.** 
A  new  aeries  of  experiments  on  the  effect  of  vibratory  action  and  long-continued 
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Each  solid  has  as  many  different  kinds  of  strength  as  there  an> 
different  ways  in  which  it  can  be  strained  or  brokea,  as  shown  in 
the  following  classification : — 

AppIioatioD  of  Load.  StrauL  Fractare. 

Longitudinal I  Extension T^ng. 

°  (  Compression Crushing. 

(  Distortion Shearing. 

Transverse <  Twisting Wrenching. 

(  Bending Breaking  across. 

143.  FaetwB  •€ fltaiiety  (A.M.,  247)  are  of  three  kinds,  viz.: — 
the  ratio  in  which  the  breaking  load  exceeds  the  proof  load, 
the  ratio  in  which  the  breaking  load  exceeds  the  working  load, 
and  the  ratio  in  which  the  proof  load  exceeds  the  working  load. 

When  not  otherwise  specified,  a  factor  of  safety  is,  in  general,  to 
be  understood  in  the  second  of  those  sensesh— viz.,  the  ratio  in 
which  the  breaking  load  exceeds  the  working  load. 

The  following  table  gives  examples  of  the  values  of  those  factors 
which  occur  in  actual  fractures : — 


Strongest  steel, 

Ordioaiy  steel  aad  wr.  iron,  steady  load, 
„  „         rooving  load, 

Wrought  iron  rivetted  structures, 

Cast  iron,  steady  load, 

„       moving  load, 

Timber,  average, 

Stone  and  brick, 


Ult  strength. 

Ult.  Strength. 

• 

Proof  SoengtL 

• 

• 

Proof  Strength 

• 

Working  Load. 

Working  Load. 

14 

... 

•  •■ 

2 

8 

u 

2 

4  to  6 

2to8 

8 

6 

2 

2tod 

8  to  4 

about  U 
2to2| 

8 

6  to8 

8 

10 

34 

about  2 

4tol0,av.abt.8 

av.  about  4  , 

Almost  all  the  experiments^  hitherto  made  on  the  strength  of 
materials  give  the  ultimate  strength  only.     In  using  those  data  for 

changes  cf  load  on  wrought  iron  girders,  by  Mr.  Fairbaim,  has  for  some  time  been  in 
])rogre8s.  Those  experiments  (so  far  as  they  had  then  been  carried)  were  comma- 
nicated  to  the  British  Association  at  Oxford,  in  June,  1860;  and  the  following  is  a 
summary  of  the  results: — 

The  beam  experimented  on  was  a  rivetted  wrought  iron  plate  girder. 

When  the  load  applied  was  about  one-fourth  of  the  breaking  weight,  the  beam 
withstood  596,790  successive  applications  of  it,  without  visible  ilteraiion. 

The  load  was  then  increased  to  two-tevenths  of  the  breaking  weight,  and  appli^ 
403,210  times,  when  the  beam  showed  a  slight  increase  of  permanent  set 

The  load  was  further  increased  to  two-Jl/Vis  of  the  breaking  weight,  when  the  beam 
broke  with  the  5,175th  application. 

The  successive  applications  of  the  load  were  accompanied  with  considerable  strains 
from  vibration  and  impact. 
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the  deagning  of  stractures,  the  most  oonyenient  prooesB  of  calcu- 
lation  is  to  multiply  the  intended  vforking  load  of  a  piece  by  the 
proper  £u;tory  so  as  to  find  the  breaking  load,  and  to  make  the 
isltimate  strength  of  the  piece  equal  to  that  breaking  load 

144  The  jpra«r  or  Teiing  by  experiment  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

I.  Ifihe  piece  is  to  be  afterwards  used,  the  testing  load  must  be 
so  limited  ^lat  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece  ;  that  is,  it  must  not  exceed  the  proof  strength, 
being  fixim  one-third  to  one-half  of  the  ultimate  stiengtL  About 
doable  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load  ap* 
proaches  near  to  the  proof  strength. 

IL  If  the  piece  is  to  be  sacrificed  for  the  sake  of  ascertaining  the 
^raigth  of  the  material,  the  load  is  to  be  increased  by  degrees 
ontil  the  piece  breaks,  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  load  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result. 

The  proof  Hrength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
matmg  to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
aod  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strain  or  alteration  of  figure  of  the  piece  when  loaded, 
bj  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
oae  may  be.  If  that  alteration  does  not  aemibly  increase  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strength.  The  efiTects  of  a  greater  and  a  greater  load  being 
Rwceasively  tested  in  the  same  way,  a  load  will  at  length  be 
nached  whose  successive  applications  produce  increasing  disfigure- 
ments of  the  piece ;  and  this  load  will  be  greater  than  the  proof 
f^ngth,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  set,  that  is,  a 
digfiguiement  which  continues  after  the  removal  of  the  load,  was  a 
t«t  of  the  proof  strength  being  exceeded ;  but  Mr.  Hodgkinson 
sbowed  that  supposition  to  be  erroneous,  by  proving  that  in  most 
nutenals  a  set  is  produced  by  almost  any  load,  how  small  soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
aiies  to  resist  twisting,  can  be  tested  by  the  application  of  known 
^eig^ts  either  directly  or  through  a  lever. 

To  test  the  tenacity  a£  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crashing,  naore  powerful  and  complex  mechanism 
'^  teqvmed.     The  apparatus  most  commonly  employed  is  the 


22i  HATEBIALS  AND  STRUCTUHES. 

hydraulic  press.  In  computing  the  stress  which  it  proclaoes,  dq 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  hung  to  the  pump  handle,  as  indicating  the  intenait  j  of 
the  pressure,  which  should  be  ascertained  by  means  of  Courdon  s 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure. 

From  experiments  made  by  Messrs.  More  of  Glasgo^w,  atid  by 
the  Author,  it  appears,  that  in  experiments  on  the  tension  and 
compression  of  beirs,  about  one-tenth  should  be  deducted  from  the 
pressure  in  the  hydraulic  press  for  the  friction  of  the  press 
plunger. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best.  It  may 
be  sufficient  for  an  immediate  practical  purpose;  but  for  the  en&ct 
determination  of  general  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  presH, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers,  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow  in  his  work  On  the  Strength  of 
Materiala, 

145.  co-efleienta  or  moduli  of  Streocth  are  quantities  expressing 
the  intensity  of  the  stress  under  which  a  piece  of  a  given  material 
gives  way  when  strained  in  a  given  manner;  such  intensity  being 
expressed  in  units  of  weight  for  each  unit  of  sectional  areflt  of  the 
layer  of  particles  at  which  the  body  first  begins  to  yield.  In 
Britain,  the  ordinary  unit  of  intensity  employed  in  expressing  the 
strength  of  materials  is  the  pound  avoirdupois  on  tlie  sqtUMre  inch. 
As  to  other  units,  see  Article  106,  p.  161. 

Co-efficients  of  strength  are  of  as  many  different  kinds  as  there 
are  different  ways  of  breaking  a  body.  Their  use  will  be  explained 
in  the  sequel.  Tables  of  their  v«dues  are  given  at  the  end  of 
the  volume. 

Co-efficients  of  strength,  when  of  the  same  kind,  may  still  vary 
according  to  the  direction  in  which  the  stress  is  applied  to  the 
body.  Thus  the  tenacity,  or  resistance  to  tearing,  of  most  kinds  of 
wood,  is  much  greater  against  tension  exerted  along  than  across 
the  grain. 

146.  SHflteeH  or  Rigidity,  PllaMlltr,  their  ModoU  or  €o-efliele«ta. 

— Rigidity  or  stiffness  is  the  property  which  a  solid  body  possesses, 
of  resisting  forces  tending  to  change  its  figure.  It  may  be  expressed 
as  a  quantity,  called  a  rnodultis  or  coefficient  of  atiffMsa,  by  taking 
the  ratio  of  the  intensity  of  a  given  stress  of  a  given  kind,  to  the 
strain,  or  alteration  of  figure,  with  which  that  stress  is  accom- 
panied : — that  strain  being  expressed  as  a  quantity  by  dividing  the 
alteration  of  some  dimension  of  the  body  by  the  original  length  of 
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th&t  dimenaion.  In  most  subfltances  which  are  used  in  oonfltnictiQny 
the  moduli  of  stiffnesSy  though  not  exactly  coDjstant,  are  nearly 
ooDStani  for  stresses  not  exceeding  the  proof  strength. 

The  reciprocal  of  a  modulus  of  stiffiiess  may  be  cfldled  a  ''  modulua 
ofpinabu'Uy:    that  is  to  say, 

Mod«ln8  of  StifihesB  =  I^^^^fe^L!^. 

Strain  ' 

Modulus  of  Pliability  =  f— r — rr — 5-5-- — . 

''       Intensity  of  Stress 

The  use  of  specific  moduli  of  stifi&iess  will  be  explained  in  the 
sequd.  Tables  of  their  values  are  given  at  the  end  of  the 
Tcdume. 

147.  The  Kfaucieity  m€m  8«iM  (A.  M.,  236  to  238,  243,  248  to 
26^  coDsiste  of  sti&ess,  or  resistance  to  change  of  figure,  combined 
with  the  power  of  recovering  the  original  figure  when  the  straining 
force  is  withdrawn.  If  that  recovery  is  perfect  and  exact,  the 
body  is  said  to  be  '^  perfectly  dasHc;*^  if  there  is  a  *'  set,**  or 
permanent  change  of  figure,  after  the  removal  of  the  straining 
ibroe,  the  body  is  said  to  be  ''  imperfectly  elastia"  The  elasticity  of 
no  solid  substance  is  absolutely  perfect,  but  that  of  many  substances 
b  nearly  perfect  when  the  stress  does  not  exceed  the  proof  strength, 
and  may  be  made  sensibly  perfect  by  restricting  the  stress  within 
small  enough  limits. 

Moduli  or  Co-effidemis  ofEUuitlcUy  are  the  values  of  moduli  of 
stifineas  when  the  stress  is  so  limited  that  the  value  of  each  of  those 
moduli  is  sensibly  constant,  and  the  elasticity  of  the  body  sensibly 
perfect  It  can  be  shown  that  in  a  homogeneous  solid,  there  may 
be  tiomty-one  independent  co-efficients  of  elasticity,*  which,  in  a 
solid  that  is  equally  elastic  in  all  directions,  are  reduced  to  two — 
viz.,  the  co-efiicient  of  direct  elasticity,  or  resistance  to  direct 
lengthening  and  shorteniug,  and  the  co-efficient  of  resistance  to 
distortion. 

The  General  Frotlem  of  the  Internal  EquUQyriw/n  of  am,  EUuiiG 
Solid  is  this : — Given  the  free  form  of  a  solid,  the  values  of  its  co- 
efficients of  elasticity,  the  attractions  acting  on  its  particles,  and 
the  stresses  applied  to  its  surface;  to  find  its  change  of  form,  and 
the  strains  of  all  its  particles.t  This  problem  is  to  be  solved,  in 
genend,  by  the  aid  of  an  ideal  division  of  the  solid  into  molecules^ 
rectangular  in  their  free  state,  and  referred  to  rectangular  co- 
Gtdinates.    Some  particular  cases  are  most  readily  solved  by  means 

f  SeeLimdC  Le^on»  tur  la  Thhrie  Maih^natique  de  V  EUutidU  des  Corps  Solida, 
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of  spherical,  cylindrical,  or  otherwise  curved  co-ordinates.       The 
general  problem    is    of   extreme  complexity,   and  its   complete 
solution  has  not  yet  been  obtained  in  a  practically  available  fborm ; 
but  the  cases  which  occur  in  practice,  and  to  which  the  remainder 
of  this  section  relates,  can  be  solved  with  sufficient  accuracy  by 
comparatively  simple  approximate  methods.     Most  of  those   ap- 
proximate methods  are  analogous  to  the  ''method  of  sections" 
described  in  its  application  to  framework  in  Article  122,  p.  184. 
The  body  under  consideration  is  conceived  to  be  divided  into  two 
parts  by  an  ideal  plane  of  section ;  the  external  forces  and  couples 
acting  on  one  of  those  two  parts  are  computed;  and  they  must  be 
equal  and  opposite  to  the  forces  and  couples  resulting  from  the 
entire  stress  at  the  ideal  sectional  plane,  which  is  so  found.     Then 
as  to  the  dutribviion  of  that  stress,  direct  and  shearing,  some  law 
is  assumed,  which,  if  not  exactly  true,  is  known  either  by  experi- 
ment or  by  theory,  or  by  both  combined,  to  be  a  sufficiently  close 
approximation  to  the  truth. 

Except  in  a  few  comparatively  simple  cases,  the  strict  method  of 
investigation,  by  means  of  the  equations  of  internal  equilibrinniy 
has  hitherto  been  used  only  as  a  means  of  determining  whether  the 
ordinaiy  approximative  methods  are  sufficiently  close. 

148.  Resiiienccf  or  Spring  {A.  M,,  244),  is  the  quantity  of  me- 
chanical  work  required  to  produce  the  proof-stress  on  a  given  piece 
of  material,  and  is  equal  to  the  product  of  the  proof  strmn,  or 
alteration  of  figure,  into  the  mean  load  which  acts  during  the  pro- 
duction of  that  strain;  that  is  to  say,  in  general,  very  nearly  one- 
half  of  the  proof  load. 

149.  Rcatotance  •£  Ban  tm  8iretchia«  aad  TcnrlnBi  (A,  Jf.,  265 
to  269.) — The  ultimate  strength  or  breaking  load  of  a  bar  exposed 
to  direct  and  uniform  tension  is  the  product  of  the  area  of  cross- 
section  of  the  bar  into  the  teviaciiy  of  the  material  Therefore 
let 

P  denote  the  breaking  load,  in  pounds; 

S  the  area  of  section,  in  square  inches; 

/the  tenacity,  in  pounds  on  the  square  inch;  then 

P=/SjS  =  ^- ....(1.) 

The  doTigation  of  the  bar  under  any  load  F  not  exceeding  the 
proof  load  is  found  as  follows : — 

Let  X  denote  the  original  length  of  the  bar,  ^  x  the  elongation, 
and 

X 
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the  proportion  which  that  elongation  bean  to  the  original  length  of 
the  bar,  being  the  numerical  measure  of  the  strain. 

Let  /» =  F  -T-  8  denote  the  intensity  of  the  stress,  and  E,  the 
moduhu  of  direct  dasUcUy,  or  resistanoe  to  stretching.     Then 

-  =  I- (2) 

Lety  denote  the  proof  tension  of  the  material,  so  that/*  S  is  the 
proof  load  of  the  bar;  then  the  proof  strain,  or  proportionate 
elongation  under  the  proof  load,  isf-i-E, 

The  SMilieBcci  or  SpHas  of  the  bar,  or  the  work  performed  in 
stretching  it  to  the  limit  of  proof  strain,  is  computed  as  follows : — 
X  being  the  length,  as  before,  the  elongation  of  the  bar  under  the 
proof  load  is/'  a;  -r  R  The  force  which  acts  through  this  space  has 
for  its  least  value  0,  for  its  greatest  value  P  s/  S,  and  for  its  mean 
value/"  8  -~  2  j  so  that  the  work  performed  in  stretching  the  bar  to 
the  proof  strain  is 

fafxf^Bx 

2  •  E  "  E'  2   ^''•^ 

The  oo-efficient  /^  -r-  E,  by  which  one-half  of  the  volume  of  the  bar 
is  muHiphed  in  the  above  formula,  is  called  the  Modulus  ,of 

RBffTJKNCK,  « 

A  mddsn  pviU  of  /  8  -r  2,  or  on^ludf  of  the  proof  load,  being 
applied  to  the  bar,  will  produce  the  entire  proof  strain  of  /'  -r  E, 
which  is  produced  by  the  gradual  application  of  the  proof  load 
itself;  for  the  work  performed  by  the  action  of  the  constant  force 
/'S-r2,  through  a  given  space,  is  the  same  with  the  work  per- 
fonned  by  the  action,  through  the  same  space,  of  a  force  increasing 
at  an  uniform  rate  from  0  up  tof  8.  Hence  a  bar,  to  resist  with 
safety  the  sudden  application  of  a  given  pull,  requires  to  have  twice 
the  strength  that  is  necessaiy  to  resist  the  gradual  application  and 
steady  action  of  the  same  pidL 

Tables  of  the  tenacity  and  of  the  modulus  of  direct  elasticity  of 
vBxious  substances  are  given  at  the  end  of  the  voluma 

150.  CjUmtHeml  Button  aii^  PipM.  {A.  M.,  271.) — ^Let  r  denote 
the  radius  of  a  thin  hollow  cylinder,  such  as  the  shell  of  a  high 
pressore  boiler; 

I  the  thickness  of  the  shell ; 

/  the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
qmred  to  burst  tiie  shelL  This  ought  to  be  taken  at  six  times  the 
eSeetive  working  pressure — effective  pressure  meaning  the  excess  of 
pleasure  from  within  above  the  pressure  from  without,  which 
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last  is  usually  the  atmospheric  pressure,  of  H*?  lbs.  on  the  square 
inch  or  thereabouts. 
Then 

1^=4^; (1) 

and  the  proper  proportion  of  thickness  to  radius  is  given  bj  the 
formula, — 

^=|. (2.) 

151.  Spherical  Shdla,  such  as  the  ends  of ''  egg-ended  **  cylindrical 
boilers,  the  tops  of  steam  domes,  d^.,  are  tvoice  as  sbrong  as  cylindrical 
shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  ^hich  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shelL 

Let  r  denote  the  radius  of  the  sphere,  in  inches; 

/,  the  radius  of  the  circular  base  of  the  segmental  shelly  in 
inches; 

p,  the  bursting  pressure,  in  lbs.  on  the  square  inch; 
then  the  numb^  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asonder 
all  at  once  shall  be 

3U16  7^p', ! (1.) 

and  the  flange  itself  should  require,  in  order  to  crush  it,  the  follow- 
ing thrust  in  the  direction  of  a  tangent  to  it : — 

1 


pt^'Jf^  —  r^. (2.) 

If  the  segment  is  a  complete  hemisphere^  v^  ssr,  and  the  last 
expression  becomes  =  0. 

152,  Thick  s«u«wC7UBdcr.  (^A.  M.,273.) — The  assumption  that 

the  tension  m  a  hollow  cylinder  is  uniformly 
distributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  small  as  compared  with  the  radius. 

Let  £.  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydraulic  press,  the  tenacity  of  whose  material 
is  /,  and  whose  bursting  pressure  is  p*    Then  we 
Tig.  124.  must  have 
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and,  oonseqnentlj, 


R*  —  t»     p 


(1.) 


^=vm)'' <^> 


hj  means  of  wbich  foimuLiy  vhen  r,  f,  and  p,  are  given,  B  may  be 

oomputed 

153.  ThidK  ii«ii0w  Si^hcre.  (ii.  i/^,  275.)— -In  this  case,  Tuing  the 
same  symbols  as  in  the  last  Aiticle,  the  foUowing  formaln  give  the 
i&tios  of  the  bursting  pressure  to  the  tenacity,  and  of  the  external 
to  the  internal  radius : — 


y_2R»-2r».  ,j. 

?=V(^) « 


154.  liBiffi  pitabiiitr,  €«M«  c^MFMMiMiitr. — ^When  the  side 
sor&ces  of  a  bar  are  free,  the  application  of  tension  to  its  ends 
causes  it  to  contract  in  thickness  as  well  as  to  extend  in  length; 
aod  the  application  of  pressing  to  its  ends  causes  it  to  expand  in 
thickness  as  well  as  to  contract  in  lengtL  This  property,  which 
may  be  called  "  Lateral  Pliability/'  exists  to  the  greatest  possible 
extent  in  perfect  fluids,  whose  parts  yield  laterally  to  the  edightest 
longitudimal  stress,  and  is  least  in  those  solids  which  are  least 
capable  of  changes  of  figure. 

If  a  solid  bar  has  the  alteration  of  its  transverse  dimensions  pre- 
vented or  resisted  by  any  means,  it  yields  less  longitudinally  to  a 
longitudinal  stress  than  it  does  when  it  is  free  to  yield  laterally;  in 
other  words,  its  direct  or  longitudinal  stiffness  may  be  increased; 
and  that  according  to  laws  whose  mathematical  expression  will 
presently  be  given.  Its  strength  is  increased  also;  but  in  what  pro- 
portion is  not  yet  known  precisely. 

Let /I  denote  the  intensity  of  a  longitudinal  stress,  not  exceeding 
the  limit  below  which  moduli  of  stiffness  are  constant;  and  when 
the  bar  is  free  to  alter  its  lateral  dimensions,  let, 

«=^  denote  the  fraction  of  its  original  length  by  which  its  length 

18  altered,  and 
fi  =  Z,  the  fraction  of  its  original  diameter  by  which  its  diameter 

IB  altered  in  the  contrary  direction  to  its  length ;  then  we  have 

p  =  A»  — Bi9; (1.) 
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A  and  B  being  two  oo-efficients  whose  relations  to  E  and  D 
expressed  by  the  two  following  pairs  of  equations : — 


A=^,?^J?^-=l^-^.  =  E  + 


2W 


D2 -^  E  f>  —  2  E2  ""     ^  D2  — ED  —  2  E«' 
WD  B  E 


B== 


D«_ED  —  2E8'A"D— E 


■ 


(2.) 


E  =  A— j-_^,  1^-A  — 2B+  -^,g  -— g— .(^.; 

The  oo-efficient  A  represents  the  resistance  of  the  bar  to  direct 
elongation  or  compression  when  /3  =  0 ;  that  is,  when  the  transverse 
dimensions  of  the  bar  are  prevented  from  changing.* 

The  resistance  to  alteipation  of  volume  bears  the  following  re- 
lations to  the  before-mentioned  co-efficients.  Let  p  denote  the 
uniform  intensity  of  a  pressure  or  tension  applied  aU  aver  the 
mufcuse  of  a  body,  and  i  the  fraction  of  the  original  volume  by 
wMch  the  volume  is  diminished  or  increased;  then  the  cubic 
dasUeiiyia 

p_A  +  2B_3D  — 6E  . 

y-"     3     ~     DE     ' ^^"^ 

and  the  reciprocal  of  this  is  the  cuhic  compressihilUy. 

The  values  of  A  and  B  have  been  ascertained  for  a  few  sab- 
stances  only.  For  brass  and  crystal,  according  to  M.  Wertheiin's 
experiments  {Annales  de  Chinde,  third  series,  voL  xxiii.},  the 
following  ratios  hold  very  nearly: — 

A4.B  =  2;  D^E  =  3j  A-^E=|j  B-=-Er=|.;...(5.) 

and  consequently,  for  those  substances, 

f=3^  =  ^ (6.) 

155.  Hfllckts  9€  III«d«ll  of  SclAiMM  mmd  flcrragtli.  — The    teim 

"Seight"  as  applied  to  a  given  modulus,  whether  of  stLffness  or 

*  A  is  the  oo-efBdBDt  of  elasticity  deduced  ftom  experiments  oo  the  vdoci^  of 

soand  in  a  solid  bodj  of  large  transverse  dimensions,  by  means  of  the  foUowing 

fbrmula,  in  which  o  is  the  Telocity  of  sound  in  feet  per  second,  and  w  the  we^gtit  <^ 

a  cubic  Ibot  of  the  body; 

w  t^ 
A  in  lbs.  on  the  square  foot  =  goTo* 

When  the  transyerse  dimensions  of  the  body  are  narrow,  this  Ibnnala  giw  reralts 
lying  between  the  Talne  of  A  and  that  of  £. 
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of  stxength,  means  the  height  of  an  imaginaiy  column  of  the  sub- 
stance  to  which  the  modulus  belongs,  whose  weight  would  cause  a 
|iresaure  on  its  base,  equal  in  iuteoaity  to  the  stress  expressed  by 
the  given  modulua     Hence, 

Height  of  a  modulus  in  feet 

Modulus  in  lbs.  on  the  square  foot 


Heayiness  of  substance  in  lbs.  to  the  cubic  foot 

Modulus  in  lbs.  on  the  square  inch 
Weight  of  12  cubic  laches  of  substance' 

H^^t  of  a  modulus  in  inches 

Modulus  in  lbs.  on  the  square  inch 
Weight  of  a  cubic  inch  of  substance' 


156.    miOmmmtm  t»  Shoivtef  umd  ]»lMmrti«a.      {A.   M,,   278   to 

281.) — In  structures,  many  cases  occur  in  which  the  principal 
jneoes,  such  as  plates,  liuks,  bars,  or  beams,  being  themselves  sub- 
jected to  a  direct  pull,  are  connected  with  each  other  at  their  joints 
bj  fiistenings,  such  as  rivets,  bolts,  pins,  ke3rs,  or  screws,  which  are 
under  the  action  of  a  shearing  force,  tending  to  make  them  give 
way  by  the  sliding  of  one  part  over  another. 

The  present  Article  refers  to  those  cases  only  in  which  the  shear- 
ing stress  on  a  body  is  uniform  in  direction  and  in  intensity.  The 
effects  of  shearing  stress  varying  in  intensity  will  be  considered 
under  the  head  of  Resistance  to  Bending,  which  is  in  general 
aeoompanied  by  such  a  stress;  and  the  effects  of  shearing  stress 
varying  in  direction  as  well  as  in  intensity  under  the  head  of 
Besistance  to  Torsion 

To  insure  uniform  distribution  of  the  stress,  it  is  necessary  that 
the  rivet  or  other  &stening  should  fit  so  tight  in  its  hole  or  socket, 
that  the  friction  at  its  sur&ce  may  be  at  least  of  equal  intensity  to 
the  shearing  stress.  When  this  condition  is  fulfilled,  the  intensity 
of  that  stress  is  represented  simply  by  F  -r-  8,  F  being  the  shearing 
foroe,  and  8  the  area  which  resists  it. 

In  consequence  of  the  relation  between  shearing  stress  and  direct 
stress,  stiaied  in  Article  108,  Division  IL,  p.  167,  it  appears  that  a 
body  may  give  way  to  a  shearing  stress  either  by  actual  Aearing, 
at  a  plane  parallel  to  the  direction  of  the  shearing  force,  or  by  tear- 
ing in  a  direction  yn^-'^ri^  an  angle  of  45°  with  that  force. 

When  a  shearing  stress  does  not  exceed  the  limit  within  which 

moduli  ofsia&ieBB  are  sensibly  constant,  it  produces  distortion  of  the 

hodyoR  which  it  acta     Let  q  denote  the  intensity  of  a  shearing 

8kea  applied  to  ^^  ^^^^  lateral  faces  of  an  originally  square 
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prismatic  particle,  so  as  to  distort  it;  and  let  i'  be  the  duioriionf 
expressed  by  the  tangent  of  the  difference  between  each  of  the  diaicried 
amglea  of  the  priem  and  a  right  a/ngle;  then 


?  =  C, (1.) 


is  the  modulua  of  transverse  dastvcity^  or  resistance  to  distcrtion. 

One  mode  of  expressing  the  distortion  of  an  originally  square 
prism  is  as  follows : — Let  «  denote  the  proportionate  elongation  of 
one  of  the  diagonals  of  its  end,  /S  the  proportionate  shortening  of 
the  other;  then  the  distortion  is 

If  =  «  +  /8. 

The  co-efficient  C  is  necessarily  related  to  those  mentioned  in 
Article  154,  pp.  229,  230,  in  the  following  manner: — 

A-B           ED 
^^       2       "2(D  +  Ey ^^*^ 

For  brass  and  ciystal,  according  to  M.  Wertheim*8  experunenta, 
we  have 

^-4""2""«"""8 ^'^•^ 

The  co-efficient  C  expresses  the  quality  of  rigidity,  or  resistanoe 
to  change  of  figure,  which  distinguishes  solids  from  fluids. 

In  a  perfect  fluid,  the  following  relations  hold : — 

C  =  0;E  =  0;D  =  0;  ^ 

A  =  B  =^-(thecubie  elasticity)!  ^^'^ 

The  general  effect  of  heat  on  solid  bodies  is  to  dJTniniflli  C  and 
increase  p-i-l. 

157.  Reaiacmnoe  tm  €oBipr«Ml«B  aad  IMreec  CrmMm^      {A,  M.^ 

282  to  286.) — Resistance  to  Longitiidinal  Compression^  when  the 
proof  stress  is  not  exceeded,  is  sensibly  equal  to  the  resistance  to 
stretch]^,  and  is  expressed  by  the  same  modulus.  When  that 
limit  is  exceeded,  it  becomes  iiTegular. 

Crushing,  or  breaking  by  compression,  is  not  a  simple  phenomenon 
like  tearing,  but  is  more  or  less  complex  and  varied,  according  to 
the  nature  of  the  substance. 

The  present  Article  has  reference  to  direct  crashing  only,  and  is 
limited  to  those  cases  in  which  the  pillars,  blocks,  stmts,  or  rods, 
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along  which  the  pnBSore  acts  are  not  so  long  in  proportion  to  their 
diameter  as  to  have  a  sensible  tendency  to  give  waj  by  bending 
eidewaja.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 
XHllais,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  wrought  iron,  in  wldch  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 
^   Let  P  denote  the  crushing  load  of  the  piece ; 
S  the  area  of  its  transverse  section  in  square  inches; 
ythe  resistance  of  the  material  to  crushing,  in  lb&  on  the  square 
inch;  then  if  the  load  is  uniformly  distributedy 

P=/S <i.) 

A  table  of  the  resistance  of  materials  to  direct  crushing,  in  lb& 
on  the  square  inch,  is  given  at  the  end  of  the  volume. 

If  the  load  is  not  uniformly  distributed  over  the  transverse 
sectKML  of  the  pillar,  the  strength  of  the  pillar  is  diminished  in  the 
same  ratio  in  which  the  mean  intensity  of  the  stress  is  less  than 
the  maximum  intensity.  To  find  that  ratio,  it  is  sufficiently  near 
the  truth  for  practical  purposes  to  consider  the  stress  as  "  unifomdy 
tagymgr  (See  Article  106,  Division  IL,  p.  163,  equations  5,  6,  7.) 
Suppose  the  pillar  to  be  cylindrical,  square,  or  of  a  regular  poly- 
gonal figure  in  cross-section.  Let  x^  be  the  greatest  deviation  of 
the  centre  of  pressure  from  the  centre  of  figure  in  any  cross- 
aection;  that  is,  the  greatest  deviation  of  the  line  of  action  of 
the  load  from  the  axis  of  the  pillar. 

Let  x^  be  the  distance  of  the  point  of  greatest  stress  from  the 
axis  of  the  pillar;  that  is,  the  semidiameter  of  the  pillar  in  the 
direction  in  which  the  load  deviates  from  the  axis. 

Let  I  ^  I  a^ffdx  denote  what  is  called  the  "moment  of  inertia'' 

of  tiie  crofls-section  of  the  pillar. 
Then  the  crushing  load  is, 

P=— ^-g. (3.) 

1  -4-  ^0^1  ° 
^^        I 

The  following  are  some  of  the  values  of  -^—  in  the  preceding 

fonaak:  the  ^  neutral  axis"  meaning  the  diameter  to  which  the 
demtion  Xq  ib  perpendicular. 


2U 
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;,  S 


FiQtms  OF  CKOae-SECTioN. 

I.  Rectangle,  hb;  b,  neutral  &xis,)  6 

IL  Square,  Aa, J  A* 

III.  Ellipse:  neutral  axis,  b;  other  axis,  h;)      8 

IT.  Circle :  diameter,  A, )     A* 

V,  HoUowreotangle:out8idedimensioi)S,A,J;)  6  A  (A  6  —  A'  ft*) 
inside dimenaiona,  A',6';  neutralaxiB,  A,)      A*  6  —  A''  6' 

VL  Hollow  square.  A'*  —  A-^, W^TS^ 

TIL  Circular  ring:  diameter,  outside.  A;  insid^  A',    jif  v  ^-y 

It  is  often  adrisable,  especially  in  ma/ionry,  so  to  limit  tbe 
deviatiou  of  the  centre  of  pressure  &om  the  axis  of  the  pillar,  that 
t^ere  shall  be  no  tenMon  on  any  part  of  it.  This  condition  is 
fulfilled  when  the  least  pressure  is  positive,  or  nothing,  and  the 
greatest  stress  not  more  than  double  of  the  mean  stress,  so  that 
F.>!^/S-r-2;  and  conaequentlj,  when 


..(3.) 


I 
''^^ 

the  reciprocal  of  the  quantity  of  whose  values  examplea  Have 
just  been  given. 

The  modulus  of  rcflistance  to  direct  crushing,  as  the  tables  show, 
often  differs  considerably  from  the  tenacity.  The  nature  and 
amonat  of  those  differences  depend  mainly  on  the  modes  in  which 
the  crushing  takes  place.     These  may  be  classed  as  follows : — 

I.  Cnuhing  by  iplitting  (fig.  121),  into  a  number  of  nearly 
prismatio  fragments,  separated  by  smooth  surfaces  whose  general 
direction  is  nearly  parallel  to  the  direction  of  the  load,  is  chuacter' 
istic  of  hard  homogeneous  substances  of  a  glassy  texture,  sach  &s 
vitrified  bricks. 


11.  Grtaikhtg  by  thearmg  or  liiding  of  portions  of  the  block  along 
oblique  sur&cee  ti  separation  is  char&oteristio  of  substaooes  t£  a 
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granular  textoie,  like  cast  iron,  and  most  kinds  of  stone  and  brick. 
Sometinies  the  sliding  takes  place  at  a  single  plane  surface,  like 
AB  in  fig.  126;  sometimes  two  cones  or  pyramids  are  formed,  like 
e,  c,  in  fig.  127,  which  are  forced  towards  each  other,  and  split  or 
drive  outwards  a  number  of  wedges  surrounding  them,  like  v,  i&,  in 
the  aame  figure.  Sometimes  the  block  splits  into  four  wedges,  as 
in  fig.  12a 

The  sorfiuses  of  shearing  make  an  angle  with  the  direction  of  the 
crudiing  foroe^  which  Mr.  Hodgkinson  (who  first  fully  investigated 
those  phenomena)  found  to  have  values  depending  on  the  kind  and 
quality  of  materiaL  For  difierent  qualities  of  cast  iron,  for  example, 
that  smgle  ranges  fixnn  42°  to  32°.  The  greatest  intensity  of  shear- 
ing  skess  is  on  a  plane  making  an  angle  of  45°  with  the  direction  of 
the  crushing  force;  and  the  deviation  of  the  plane  of  shearing  from 
that  an|^  shows  that  the  resistance  to  shearing  is  not  pturely  a 
oohedve  force,  independent  of  the  normal  pressure  at  the  plane  of 
dieadng,  bat  consists  partly  of  a  force  analogous  to  friction, 
increasing  with  the  intensity  of  the  normal  pressure. 

Mr.  Hodgkinson  considers  that  in  order  to  determine  the  true 
resistance  of  substances  to  direct  crushing,  experiments  should  be 
made  on  blocks  in  which  the  proportion  of  length  to  diameter  is  not 
l^B  than  that  of  3  to  2,  in  order  that  the  material  may  be  free  to 
divide  itself  by  shearing.  When  a  block  which  is  shorter  in  pro- 
portion to  its  diameter  is  crushed,  the  fiiction  of  the  fiat  sur&oes 
between  which  it  is  crushed  has  a  perceptible  effect  in  holding 
Hi  parU  togdhsTy  so  as  to.  resist  their  separation  by  shearing;  and 
thus  the  apparent  strength  of  the  substance  is  increased  beyond  its 
real  strength. 

In  all  substances  which  are  crushed  by  splitting  and  by  shearing, 
the  resistance  to  crushing  considerably  exceeds  tibe  tenacity,  as  the 
tables  diow.  The  resistance  of  cast  iron  to  crushing,  for  example, 
VBS  found  by  Mr.  Hodgkinson  to  be  somewhat  more  than  six  times 
its  tenacity. 

III.  CrusMfng  hy  hdging,  or  lateral  swelling  and  spreading  of 
the  block  which  is  crushed,  is  characteristic  of  ductile  and  tough 
materials,  such  as  wrought  iron.  Owing  to  the  gradual  manner  in 
which  materials  of  this  nature  give  way  to  a  crushing  force,  it  is 
difficult  to  determine  their  resistance  to  that  force  exactly.  That 
zesistanoe  is  in  general  less,  and  sometimes  considerably  less,  than 
the  tenacity.  In  wrought  iron,  the  resistance  to  the  direct  crush- 
ing  of  short  blocks,  as  nearly  as  it  can  be  ascertained,  is  from 

2      4 

^  to  ^  of  the  tenacity. 

IT.  CruAing  by  huxMing  or  crvjpfpLmg  is  characteristic  of  fibrous 
nibstencesy  under  the  action  of  a  thrust  along  the  fibrea    It  consists 
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in  a  lateral  bending  and  vrinkling  of  the  fibres,  BOmetimes  aooom- 

panied  bj  a  splitting  of  them  asunder.     It  takes  place  in  timber,  in 

plates  of  wrought  iron,  and  in  bars  longer  than  those  which  gire 

way  by  bulging.     The  resistance  of  fibrous  substances  to  crushing 

is  in  general  considerably  less  than  their  tenacity,  especially  where 

the  lateral  adhesion  of  the  fibres  to  each  other  is  weak  compared 

with  their  tenacity.     The  resistance  of  most  kinds  of  timber  to 

1       2 
crushing,  when  dry,  is  from  ^  to  -5  of  the  tenacity.   Moisttire  in  the 

timber  weakens  the  lateral  adhesion  of  the  fibres,  and  reduces  the 
resistance  to  crushing  to  about  one-half  of  its  amount  in  the  diy 
state. 

158.  C^nuldag  hj  CtwM-toHikiag  is  the  mode  of  ficacture  of  columns 
and  struts  in  which  the  length  greatly  exceeds  the  diameter.  Under 
the  breaking  load,  they  yield  sideways,  and  are  broken  across  like 
beams  under  a  transverse  load. 

The  laws  of  this  mode  of  breaking  were  investigated  experiment 
tally  by  Mr.  Hodgkinson.  The  following  are  his  formulie  for  cast 
iron  cylindrical  pillars: — 

When  the  length  is  not  less  than  thirty  times  the  diameter;  for 
solid  pillars,  let  h  be  the  diameter  in  inckeSy  L  the  length  t»  fedj 
and  A  a  constant  multiplier;  then 

Breaking  load  =  ^  A»^h-LI^; (1.) 

for  hollow  pillars,  let  h  be  the  external  and  h'  the  internal  diameter, 
in  inches;  then 

Breaking  load  =  A  (/*»'«  —  K^-^iy. (2.) 

The  values  of  the  oo-effidLent  A  are  as  follows : —  ttm, 

for  solid  pillazB  with  rounded  ends, :....i4'9 

„        „         „      fixed  ends, 44'i^ 

for  hollow  pillars  with  rounded  ends, 13*0 

„        „        „      fixed  ends, 44'3- 

The  strength  of  a  pillar  with  one  end  fixed  and  the  other 
rounded,  is  nearly  a  mean  between  the  strength  of  two  pillars  of  the 
same  dimensions,  one  with  both  ends  fixed,  and  the  other  with 
both  ends  rounded. 

When  the  length  is  less  than  thirty  times  the  diameter;  let  6 
denote  the  breaking  load  of  the  pillar,  computed  by  the  preceding 
formukB : — 

Let  c  be  the  crushing  load  of  a  short  block  of  the  same  aectiosAl 
area,  =  49  tons  X  sectional  area  in  square  inches;  then 
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Actuid  brealdBg  load  of  pillar  =  y^^^. (3.) 

Tlie  foUowiiig  are  fonnnbe  deduoed  by  Mr.  Lewis  Gtordon  from 
M.r.  Hodgkinson  8  experiments : — 

Let  P  be  the  crusbiiig  load  of  a  long  rod  or  pillar,  in  Iba ; 
8  the  sectional  area  of  material  in  it,  in  square  inches ; 

*,S  S^rtemal  diameter, }  both  in  the  «me  unitB  of  meaaore. 
Thai,  approximately — 

r^-^ (*•) 

The  following  are  the  values  of /and  a,  for  pillars  fixed  at  both 
ends,  by  haying  flat  capitals  and  bases : — 

/  lbs.  par  iscfa.  a. 

Wrought  iron, 36,000  .... 


3,000 

I 
400 


Cast  iron, 80,000 

For  a  pillar  rounded  or  jointed  at  both  ends, 

P=-^ (5.) 

In  using  the  formulse,  the  ratio  -^  is  generally  fixed  beforehandy 
to  a  degree  of  approximation  sufficient  for  the  purposes  of  the  cal- 


In  wrou^t  iron  framework  and  machinery,  the  bars  which  act 
as  stmts,  in  order  that  they  may  have  sufficient  stifihess,  are  made 
of  various  forms  in  cross-section,  well  known  as  "  angle  iron," 
^channel  iron,"  "T-iron,"  "  double  T-iron,"  &c.  In  each  of  these 
form^  the  line  to  be  considered  as  represented  by  A  in  the  formulie 
is  tiie  diameter,  in  that  direction  in  which  the  bar  is  most  flexible, 
of  a  triangle  or  rectangle  circumsciibed  about  its  section. 

Wrau^  iron  cdls  are  rectangular  tubes  (generally  square) 
OBoally  composed  of  four  plate  iron  sides,  livetted  to  angle  iron 
ban  at  the  comers.  The  tdUmate  reaisiance  of  a  single  square  cell 
to  mtabiBg  hy  the  buckling  or  bending  of  its  sides,  when  the  thick- 
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ness  of  the  plates  is  not  less  than  one-thirtieth  ofihe  diameter  of  iha 
cdlf  as  determined  by  Mr.  Fairbaim  and  Mr.  Hodgkinaon,  is 

27,000  lbs.  per  square  inch  section  of  iron; 

but  when  a  number  of  cells  exist  side  by  side,  their  siifibess  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cell& 

The  following  is  Mr.  Hodgkinson's  formula  for  the  breaking  loftd 
of  posts  and  struts  of  oak  and  red  pine,  when  exposed  to  crashing 
by  cross  breaking : — 

P  =  A^'S; (6.) 

S  being  the  sectional  area  in  square  inches,  h :  I  the  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  Iba  per  square 
inch. 

The  factor  of  safety  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

P=A^* (7.) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  formula 
and  by  the  formula  for  direct  crushing,  viz. : — 

P=/s, <a) 

the  lesser  value  should  be  adopted  as  the  true  strengtlL 

159.  Rc«iiMuiee  !•  c^tiapiriiis. — ^When  a  thin  hollow  cylinder  is 
pressed  from  without,  it  gives  way  by  collapsing,  under  a  pressure 
whose  intensity  has  been  found  by  Mr.  Fairbaim  {Fhilos.  Trans., 
1858)*  to  vary  nearly  according  to  the  following  laws : — 

Inversely  as  the  length; 

Inversely  as  the  diameter; 

Directly  as  a  function  of  the  thickness,  which  is  very  nearly  the 
power  whose  index  is  2*19;  but  which  for  ordinary  practical  pur- 
})oses  may  be  treated  as  sensibly  equal  to  the  square  of  the  thick- 
ness. 

The  following  formula  gives  approximately  the  collapsing  pressure 
p,  in  lb&  on  the  square  inch,  of  a  plate  iron  flue  with  butt-joints, 

*  See  also  Us^ftd  It^fifrmation/or  Engvmn,  eeoond  eerier,  1860. 
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whose  length  I,  diameter  c(  and  thickness  ^^  are  all  expressed  in  A$ 
maime  units  qf  measure: — 

p  =  9,672,000^ (1.) 

Liet  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  aboTe  formula  becomes 

p  =  806,000  j^ (2.) 

Mr.  Fairbaim  haying  strengthened  tubes  by  rivetting  round 
ihem  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apart,  finds 
that  their  strength  is  that  corresponding  to  the  length  from  ririg  to 
ring. 

Mr.  Fairbaim  finds  that  the  collapsing  pressure  of  a  tube  of  an 
dhptic  form  of  cross-section  is  found  approximately  by  substituting 
for  (^  in  the  preceding  formula,  the  diameter  of  the  osculating 
drcle  at  the  flattest  part  of  the  ellipse ;  that  is,  let  a  be  the  greater, 
aod  b  the  less  send-ctxis  of  the  eUipse;  then  we  are  to  make 

^  =  ^^ (3.) 


160.  Adlra  •Cm  Tnumm  I^d  mm  m  B«w.  {A.  M,,  288.)— 
It  has  already  been  shown,  in  Article  1 12,  p.  174,  how  to  determine 
the  proportions  between  the  resultant  of  the  gross  load  of  a  beam 
and  the  two  forces  which  support  it  In  the  present  Article  those 
cases  alone  will  be  considered  in  which  the  loading  and  supporting 
forces  are  pandlel  to  each  other,  and  in  one  plane. 

In  Article  122,  p.  184,  it  has  been  shown  how  to  determine  the 
re^tances  exerted  by  the  pieces  of  a  frame  which  are  cut  by  an 
ideal  sectional  plane,  in  terms  of  the  forces  and  couples  which  act 
on  one  of  the  portions  into  which  that  plane  of  section  divides  the 
fiame. 

The  method  followed  in  determining  the  effect  of  a  transverse 
load  on  a  continuous  beam  is  similar;  except  that  the  resistance  at 
the  plane  section,  which  is  to  be  determined,  does  not  consist  of  a 
finite  number  of  forces  acting  along  the  axes  of  certain  bars,  but  of 
a  distributed  stress,  acting  with  various  intensities,  and,  it  may 
be,  in  various  directions,  at  different  points  of  the  section  of  the 
beam. 

In  what  follows,  the  load  of  the  beam  will  be  conceived  to  con- 
sist of  weights  acting  vertically  downwards,  and  the  supporting 
forces  will  also  be  conceived  to  be  vertical  The  longitudinal  axis 
ot'  the  beam  beiBg  perpendicular  to  the  applied  forces,  will  accord- 
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inglj  be  horizontaL  The  conclusions  arrived  ftt  are  applicable 
to  cases  in  which  the  axis  of  the  beam  and  the  direction  of  the 
applied  forces  are  inclined,  so  long  as  they  are  perpendicular  to 
each  other. 

Let  any  point  in  the  longitudinal  axis  be  taken  as  the  origin  of 
oo-oi*dinates;  and  at  a  given  horizontal  distance  x'  from  that 
origin,  conceive  a  vertical  section  perpendicular  to  the  longitudinal 
axis  to  divide  the  beam  into  two  parts. 

Let  F  denote  the  resultant  of  all  the  vertical  forces,  "wrhether 
loading  or  supporting,  which  act  on  the  part  of  the  beam  to  the 
left  of  the  vertical  plane  of  section,  and  let  v?  be  the  horizontal 
distance  of  the  line  of  action  of  that  resultant  from  the  origin. 

If  the  beam  is  strong  enough  to  sustain  the  forces  applied  to  it, 
there  will  be  a  sliearing  stress  equal  and  opposite  to  F,  distributed 
(in  what  manner  will  afterwards  appear)  over  the  given  vertical 
section;  and  that  shearing  stress,  or  vertical  resistance,  will  con- 
stitute, along  with  the  resultant  appHed  force  F,  a  couple  whose 
moment  is 

M  =  F  (a'-aO  (!•) 

This  is  called  the  bending  momevU  or  momerU  offlexu/re  of  the  beam 
at  the  vertical  section  in  question;  it  is  resisted  by  the  direct  stress 
at  that  section,  in  a  manner  to  be  explained  in  the  sequel;  and  it 
tends  to  make  the  originally  straight  longitudinal  axis  of  the  beam 
become  concave  in  i^e  direction  towards  which  the  resultant 
applied  force  F  acts. 

The  mathematical  process  for  finding  F  and  M  at  any  given 
cross-section  of  a  beam,  though  always  the  same  in  principle,  may 
be  varied  considerably  in  detail.  The  following  is  on  the  whole 
the  most  convenient  way  of  conducting  it 


^/ 
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Fig.  129. 


Fig.  130. 


Fig.  129  represents  a  beam  supported  at  both  ends,  and  loaded 
between  them.  Fig.  130  represents  a  beam  supported  and  faoed  at 
one  end,  and  loaded  on  a  projecting  portion.     P^  P^,  represent  in 
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each  case  the  supporting  forces;  in  Bg,  129,  Wp  W^,  Wj,  drc, 
repr^ent  poi-tions  of  the  load;  in  fig.  130,  W^  representa.  the  end- 
most  portion  of  the  load,  and  Wj,  Wj,  Wj,  other  portions;  in  both 
fixtures,  ^,  ^kCj'  '^'  ^9  denote  the  lepgths  of  the  parts  into 
vhich  the  lines  of  action  of  the  portions  of  the  load,  divide  the 
liorizDDtal  axis  of  the  beam. 

The  figures  represent  the  load  as  applied  at  detached  points; 
but  when  it  is  continuously  distributed,  the  length  of  any  in- 
definitely  short  portion  of  the  beam'  Will  be-  denoted  hy  d  x,  the 
intensity  of  the  load  upon  it  per  unU  of  length  by  to,  and  the 
amount  of  the  load  upon  it  by 'td  ei^a^ 

The  process  to  be  go^e  Uirough  will  then  consist  of  .4he  following 
steps : — 

.  Stef  L  To  find  ike  SupporHrfff  Fore^.-^Aisume^Sij  ooavenient 
point  in  the  horizontal  axis  as  origin  of  co-ordinates,  ^d  find  the 
distance  as^  of  the  resultant  of  the  load  from  it,  by  the  method  of 
Article  97 ^  Division  YIII;  p^  .143,.  fot  forces  acting .  through 
detached  poibtSy  and  by  the  method  of  Article  104,  Division  Y., 
p  IdSy  for  a  continuously  distributed  load ;  that  is  to  say, 


Xa  ^    «^    ---   I  or 
0        2-W  ' 


nen  = 


J 


xwdx 


0  —  r 

j  to  dx 


(2.) 


Then,  as  in  Article  112,  p.  174,  find  the  two  sappoHing  forces, 
P|  and  P^;  that  is  to  say,  if  a^  and  x^  'be  the.  distances  of  the 
points  of  si^^rfc  from  the  origin,  with  their  proper  signs,  make ' 


Pj  =  5>-=:-S  -2 -W  {or  (wd  x). 
x^  — !^  '' 


(3.) 


Step  IL  To  find  the  Shearing  Forc^  ait  a  Series  qf  SeaHof*9m-lTL 
what  position  soever  the  odigin  of  co-ordinates '  may  IS&ve  been 
daring  the  previous  step,  assuxne  it  now,  in  a. beam  supported  at 
both  endfly  to  be  at  one  of  the  points  of  support  (as  A,  £g^  1 29),  and 
in  a  beam  fixed  at  one  end,  to  be  at  the  loaded  point  farthest  from 
the  fiixed  end  (as  A,  fig.  130).  Consider  upward  forces  as  positive, 
downward  as  negative. 

Then  the  shearing  force  at  any  given  cross-section  of  the  beam  is 
the  resultant  of  all  the  forces  acting  on  the  beam  from  the  origin  to 
that  cross-section;  so  that  at  the  series  of  points  where  Pj,  Wj, 
W^j,  Wg,  <fec.,  act  in  ^g.  129,  and  where  W^,  Wp  W^  Wj,  &c.,  act 
io  Sg.  130j  it  has  the  series  of  values. 
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In  Fig.  129. 
Fo  =  Pi; 

and  generally, 

F  =  Pi  — 2-W;...(4.) 


In  Fig.  130. 

_Fi  =  Wo  +  W,; 

—  F2  =  Wo  +  Wi  +  Wj; 

and  generally 

—  F=r2W;....(5.) 


BO  that  the  shearing  forces  at  a  series  of  sections  can  be  computed 
by  snccessive  subtractions  or  successive  additions,  as  the  ca.se 
may  be. 

For  a  continuously  distributed  load,  these  equations  became 
respectively, 


In  a  beam  fixed  at  one  end  —  ^  =  /    v)  dx, (7.) 


in  which  expressions,  a/  denotes  the  distance  from  the  origin  A  to 
the  plane  of  section. 

The  symbol  —  F  denotes  that  the  shearing  force  is  downward. 

The  c^ffcatMt  BiicariBg  f«tcc  acts  in  a  beam  supported  at  both 
ends,  close  to  one  or  oilier  of  the  points  of  support,  and  its  value 
is  either  P^  or  Pj.  In  a  beam  fixed  at  one  end  the  greatest  sheai^ 
ing  force  on  the  projecting  part  acts  close  to  the  outer  point  of 
support,  and  its  value  is  equal  to  the  entire  load. 

In  a  beam  supported  at  both  ends,  the  8heurli^E  Fwree  yiihw  at 
some  intermediate  section,  whose  position  may  be  found  from 
equation  4  or  equation  6,  by  making  F  =  0. 

Step  IIL  To  find  ike  Bending  Moments  at  a  Series  of  SeUions. 
— At  the  origin  A  there  is  no  bending  moment  Multiply  the 
length  of  each  of  the  divisions  A  a;  of  the  longitudinal  axis  of  the 
beam  by  the  shearing  force  F,  which  acts  at  the  outer  end  of  that 
division;  the  first  of  the  products  so  obtained  is  the  bending 
moment  at  the  inner  end  of  the  first  division ;  and  by  adding  to  it 
the  other  products  successively,  there  are  obtained  successively  the 
bending  moments  at  the  inner  ends  of  the  other  divisions  in 
succession.* 

That  is  to  say, — ^bending  moment, 


*  This   process  Is  sabstantially  the  same  with  that  employed  by  Mr.  Herbm 
Lacham,  in  hia  wo^  On  Iron  Bndffw^  to  compute  the  etreae  in  a  half-Iattioe  girder. 


BESDISQ  XOMBNT  OF  IiOAB  09  B£A1L  243 

at  the  origm  A  =  0; 

attiifiline  of  action  of  Wj ;  M  ^  =  F^  *  i2k  a:^ ; 

and  generally,  M  =  2'F  i^o:.  (8.) 

I/itedimaumg  a,  x  curt  of  equal  length,  this  becomes 

M  =  A  a?  •  2  F; (9.) 

and  for  a  continnonaly  distribnted  load. 


M 


=/,  Frfa. (10.) 


The  three  preceding  equations,  8,  9,  and  10,  are  applicable  to 
^>eams  -whether  supported  at  both  ends  or  fixed  at  one  end  By 
sabstitotiiig  for  F  in  equation  10  its  values  as  given  by  equations 
6  and  7  respectively,  we  obtain  the  following  remilts : — 

For  a  beam  supported  at  both  ends, 

=  Pi  a/  —  /"    {oi  —  x)v>  dx; (11.) 

For  a  beam  fixed  at  one  end^ 

—  M=|''|^  wdxl=:r{af^x)wdx; (12.) 

ill  tiie  latter  of  which  equations,  the  symbol  —  M  denotes  that  the 
bending  moment  acts  downwards. 

The  Otfiui  BcMdiag  n^BMat  acts,  in  a  beam  fixed  at  one  end, 
at  the  outer  point  of  support;  and  in  a  beam  supported  at  both 
endsy  at  the  section  where  the  shearing  force  vanishes,  found,  as 
aJwady  stated  in  Step  IL,  from  the  equation  F  =  0. 

When  the  load  on  a  beam  ^supported  at  both  ends  is  sym- 
metrically distributed  relatively  to  its  middle  section,  the  Greatest 
BendiDg  Moment  acts  at  that  section;  and  it  is  sometimes  con- 
venient to  assume  a  point  in  that  section  as  the  origin  of  co- 
ordinatea 

^^n?  IV.  To  find  the  effect  of  combining  eeoercd  Loade  on  one 
Beam,  whose  separate  actions  are  known; — ^for  each  cross-section,  the 
shearing  force  is  the  sum  of  the  shearing  forces,  and  the  bending 
moment  the  sum  of  the  bending  moments,  which  the  loads  would 
produce  separately. 


244  UATEBTAI^  Aim  STRUCTITRES. 

Step  Y .  To  deduce  the  Shearing  Force  cmd  Bending  Moment  in  one 
Beam  from  those  in  another  Beam  eimUarly  supported  and  loaded. 
— ^This  is  done  by  the  aid  of  the  following  principles : — 

When  beams  differmg  in  length  and  in  the  amounts  of  the  loads 
upon  them  are  similarly  supported,  ami  have  ifieir  loads  similarly  dis- 
trtbuted,  the  shearing  forces  at  corresponding  sections  in  tJiem  vary  as 
the  total  loads,  and  the  bending  moments  as  tlis  products  of  the  loads 
and  lengths. 

This  principle  may  be  expressed  by  symbols  in  either  of  the  two 
following  ways : — 

First,  Let  I,  H,  denote  the  lengths  of  two  beams,  similarly  sup- 
ported ;  let  W,  W',  denote  their  total  loads,  similarly  distributed ; 
let  F,  P,  be  the  shearing  forces,  and  M,  M',  the  bending  moments, 
at  sections  similarly  situated  in  the  two  beams;  then 

W:W'::F:F; (13.) 

Z  W  :  Z*  W  :  >  M  :  M' (14.) 

Secondly,  Let  h  and  m  be  two  numerical  factors,  depending  on 
the  way  in  which  a  beam  is  supported,  the  mode  of  distribution  of 
its  load,  and  the  position  of  the  cross-section  under  consideration; 
then 

F  =  A;W; (15.) 

M  =  wWZ. (16.) 

Loads  upon  beams  are  stated  either  in  pounds,  hundredweights, 
or  tons;  lengths  of  beams,  in  feet,  or  in  inches;  and  according  to 
the  units  of  load  and  length  employed,  the  unit  of  bending  moment 
is  a  footrpound,  an  inch-pound,  a  foot-hundredweightj  an  «ne/i- 
hundreduxight,  Sk  foot-ton,  or  an  inch-ton,  as  the  case  may  be. 

As  the  transverse  dimensions  of  beams  are  expressed  in  inches, 
and  their  moduli  of  strength  in  pounds  on  the  square  inch,  the 
most  convenient  units  are,  the  pound,  the  inch^  and  the  inch- 
pound. 

The  following  is  a  comparisen  of  different  tmtt  of  bending 
moment. 

Inch-lbs. 

12=        I    Ft-lb. 
112  =        9i  =      I  Inch-cwt. 
1344=    113    =    12  =    I    Foot-cwt. 
2240  =    i86|  =    20  =    i|  ^    I  Inch-ton. 
26880  ^  2240    =  240  =  20    =:  12  =  I  Foot-ton. 

161.  Bz«Bi9lc«  mf  tli«  ActloH  mi  m  TmasTcne  IiMi4  mm  m 
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—In  each  example  in  the  preceding  table,  I  denotes,  for  a  beam  fixed 
at  one  end,  the  length  measured  from  the  oater  point  of  support  to 
the  farthest  projecting  loaded  point,  and  for  a  beam  supported  at 
hoth  ends,  the  length  or  span  between  the  points  of  support;  W 
denotes  the  total  load;  F  and  M  denote  the  shearing  force  and 
bending  moment  at  any  cross^section  situated  at  the  distance  a/ 
from  the  origin  (which,  as  in  the  preceding  article,  is  the  point 
where  M  ^  0);  F^  denotes  the  greatest  shearing  force;  af-^  the 
position  of  the  section  where  it  occurs;  M^  the  greatest  bending 
moment;  x^  the  position  of  the  cross-section  where  it  occurs;  k,  m, 
the  two  &ctors  employed  in  equations  15  and  16,  for  the  sections 
ci  greatest  shearing  stress  and  greatest  bending  moment  re- 
spedively;  that  is  to  say, 

Jfe  =  Fi  -r  W;  j»=M^  ^  W  ^ (1.) 

To  transform  the  expressions  in  the  preceding  table,  Gases  lY. 
to  YIL,  which  are  suited  for  co-ordinates  measured  from  one 
point  of  support  of  a  beam  supported  at  both  ends,  into  expressions 
suited  for  co-ordinates  measured  from  the  middle  of  the  beam,  let 
e  be  the  half-span,  and  substitute  2  e,si  —  c,  a/|  —  e,  x'^  —  c,  and 
z*  —  e,  respectively,  for  I,  a/,  4/|,  o^q,  and  c^,  throughout  the  whole 
of  that  part  of  the  table. 

In  the  following  example,  a  beam  supported  at  both  ends  is 
sapposed  to  be  loaded  at  a  /leries  of  detached  points,  which  divide 
the  length  of  the  beam  into  N  equal  diyisions,  so  that  the  length 
of  one  of  those  divisions  is  ^  -s-  N.  The  origin  of  co-ordinates  being 
at  a  point  of  support,  the  plane  of  section  in  each  example  is  sup- 
poied  to  be  immediately  b^ondriike  n^  division  from  that  point 
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Case  IX.  Trwcdling  Load, — ^A  beam  of  the  span  I  is  supported 
at  the  two  ends ;  a  permanent  load  of  the  uniform  intensity  of  w 
^  per  lineal  foot  is  distributed  over  it.  An  additional  load,  such 
u  the  weight  of  a  railway  train,  of  to'  lb&  per  lineal  foot,  gradually 
toUa  on  to  the  beam  from  one  end,  covering  it  at  last  from  end  to 
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end,  and  then  rolk  off  again  at  the  other  end.  It  is  required  to 
find  the  greatest  shearing  force  at  any  given  section^  and  also  the 
greatest  bending  moment 

The  GhvaUest  Shearing  Force  at  a  given  cross-section  occurs,  when 
the-  longer  of  the  two  segments  into  which  it  divides  the  beam  is 
loaded  with  the  travelling .  load  as  well  as  with  the  permanent 
load,  and  the  shorter  load^  with  the  permanent  load  onlj.  Let 
F  denote  that  force,  and  a;  the  distance  of  the  section  iniquestion 
from  the  nearer  end  of  the  beam;  then 

V=.w\^^x)  +— L__L... (1) 

,  •.,«■■•  •► 

This  formula  maybe  rendered  somewhat' mor^  symmetrical  bo^ 
taking  the  middle  oi  the  beam,  instead  of  one  of  the  ends,  as  origin  of 
co-ordinates.  Let  ia^,  theil',  denote  the  distance  of  the  section  in 
question  from  th^  middle  of  the  beia,m,  and  c  =:^  -^>  2,  its  half- 
span;  then  or  src —  «^;and. 

F  =  «;,af+. — ^ ^.  ., , (u.) 

4  C 

The  Greatest  Bending Ji£<mie)fit  at. each  section  occurs  when  the 
travelling  load  extends  over  the  whole  length  of  the  beam;  so  that 
in  thisi  r«§8p^ct  no  difference  exists  between  the  present  case  and 
case  YI.  of  the  preceding  table;  that  is  to  say, 


M 


,_,  (i£?  H:  tp')  x{l  —  X)  _{w  +  iv')  (pg  ^  ah)       ,  . 
~  "      ,      ^  ^  :j  ^  / 

The  preceding  principles  are  represented  graphically  by  the 
following  construction:  In  fig,  131/let  A  Bi-epresentthe  span  of 
the  beam ;  bisect  it  iii  C*  Tw>ugh  A  draw  DAE  perpendicular 
to  A  B,  and  take  A  D  to  represent  i^^/*  t/ie  greatest  permaneni  load. 


that  is,  A  D  =  to  ^  -1-  2,  ^nd  A  £  to  represent  on  the  same  scale  half 
t/te  greatest  travelling  load,^th&t  i^  A  E  dr  to7  -f.  1   Draw  the  straight 

line-  C  D;  also  the  pistrabola  B  L  £, 
liavin^  its  vertex  at  B,  touching  A  B. 
About  C  'describe  the  semicircle  A  F  B, 
and-  consider  C  F^,  or  the  square  of 
the '  radiusi  of  that  semicircle  perpen- 
diciilar  to  A  B,*  as  representing  the 
greatest  bending  vwmenJt  <U  Uve  vMB»  of 
ihe^heam,  or  (la  +  «0  ^  -i-  6.  Let  Q 
represent  the  position  of  any  cross- 
section  of  t\^Q  beam.  Draw  H  G  I  K 
perpendicular  to  A  B;   then^  H  I  will  represent  the   greatest 
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filieaiiDg  forod  at  that  seotbo,  and  G  K^  the  greatest  bending 
moment 

The  ordinate  C  L  of  the  parabola  at  the  middle  of  the  span, 
king  one-fonrth  of  A  E,  represents  the  greatest  shearing  force  in 
the  middle  of  the  beam,  which  is  one-eighth  of  the  greatest 
tiavelling  load,  or  %cf  I  ^  8. 

Cask  X. — If  a  beam  has  oqtuU  and 
opponte  eoupies  applied  to  its  two  ends, 
—for  example,  if  the  beam  in  fig.  132 
has  ihe  oonple  of  equal  and  opposite 
foToes  P^  applied  at  A  and  B,  and  the 
eoQi^e  of  equal  and  opposite  forces  Pj  at 
C  and  B,  and  if  the  opposite  momenti^ 


fPj 


[ 


4  P. 


IT 


*1V 


ng.  182. 


Pi-AB=PjCD  =  M, 


(5.) 


are  equal,  then  each  of  the  endmost  divisions  of  the  beam,  A  Band 
C  D,  is  in  the  condition  of  a  beam  fixed  at  one  end  and  loaded  at 
the  other  (Case  L);  and  the  middle  division  B  C  is  subject  to  the 
wtt^rw  mamaU  ofJUxure  M,  and  to  no  shearing  force. 

2S3  to  2&5,  309,  310.) — ^The  bendiog  moment  at  each  cross-section 
of  a  beam  bends  the  beam  so  as  to  make  anj  originally  plane  layer 
of  the  beam,  perpendicular  to  the  direction  of  the  load,  become 
concave  in  the  direction  towards  which  the  moment  acts,  and  convex 
'^  the  opposite  direction.  Thus,  fig.  133  represents  a  side  view 
«  a  short  portion  of.  a  beam  supported 
&t  the  ends  and  loaded  at  intermediate 
pomts;  C  C  is  a  layer,  originally  plane, 
wd  perpendicular  to  the  direction  of  the 
^,  which  is  now  bent  so  as  to  become 
coQca^e  above  and  convex  below. 

Th«  hiyers  at  and  near  the  concave 
ftde  of  the  beam  A  A'  are  shortened, 
and  the  layers  near  the  convex  side  B  F  lengthened,  by  the  bending 
Mboii  of  the  load.  There  is  one  intermediate  surface  O  C  whic^ 
another  lengthened  nor  shortened;  it  is  called  the  ''neiUral  mr- 
J**."  The  particles  at  that  surface  are  not  necessarily,  however, 
in  a  state  devoid  of  strain ;  for,  in  common  with  the  other  particles 
of  the  beam,  they  are  compressed  and  extended  in  a  pair  of  diagonal 
<arectionB,  making  angles  of  45**  with  the  surface,  by  the  shearing 
action  of  the  load,  when  such  action  exists. 

The  condition  of  the  particles  of  a  beam,  produced  by  the  com- 
wned  bending  and  shearing  actions  of  the  load,  is  illustrated  by -fig. 
^34,  which  represents  a  veiiical  longitudinal  -  section  of  a  rect- 
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Fig.  184. 


angular  beam,  supported  at  the  ends,  and  loaded  at  intermediate 

points.  It  is  covered  with  a  net- 
work consbting  of  two  sets  of  curves 
cutting  each  other  at  right  angle& 
The  curves  convex  upwaids  are  Tines 
of  direct  tkntsi;  those  convex  down- 
wards are  lines  of  direct  tension.  A 
pair  of  tangents  to  the  pair  of  curves  which  traverse  any  particle,  are 
the  aaiMo/«^fW5  of  that  particle.  (See  Art  108,  p.  167.)  The  neutral 
surf  (ice  is  cut  by  both  sets  of  curves  at  angles  of  45^.  At  that 
vertical  section  of  the  beam  where  the  shearing  force  vanishes,  and 
the  bending  moment  is  greatest,  both  sets  of  curves  become  horizontaL 
Except  in  cases  to  be  afterwards  specified,  it  ia  unnecessary  to 
consider  the  shearing  action  of  the  load  on  a  beam. 

When  a  beam  breaks  under  the  bending  action  of  its  load,  it 
gives  way  either  by  the  crushing  of  the  compressed  side,  A  A',  or 
by  the  tearing  of  the  stretched  side,  B  B^. 

In  fig.   135,  A  represents  a 
beam  of  a  granular  material, 
like  cast  iron,  giving  way  by 
the  crushing  of  the  compressed 
Fig;  136.        "  side,  out  of  which  a  sort  of 

wedge  ia  forced.  B  represents 
a  beam  giving  way  by  the  tearing  asunder  of  the  stretched 
side. 

The  resistance  of  a  beam  to  bending  and  cross-breaking  at  any 
given  cross-section  is  the  moment  of  the  couple,  consisting  of 
the  thrust  along  the  longitudinally-compressed  layers,  and  the 
equal  and  opposite  tension  along  the  longitudinally-stretched 
layers. 

It  has  been  found  by  experiment,  that  in  most  cases  which  occur 
in  practice,  the  longitudinal  stress  of  the  layers  of  a  beam  may, 
without  material  error,  be  assumed  to  lie  un\fomdy-vaaying 
(Article  106,  p.  163),  its  intensity  being  simply  proportionid  to 
the  distance  of  the  layer  from  the  neutral  surface. 

Let  fig.  136  represent  a  cross-section  of  a  beam  (such  as  that 
represented  in  fig.  133),  A  the  compressed  side, 
B  the  extended  side,  C  any  layer,  and  O  O  the 
neutrcU  axis  of  the  section,  being  the  line  in  which 
it  is  cut  by  the  neutral  surface.  Let  p  denote  the 
intensity  of  the  stress  along  the  layer  C,  and  y  the 
distance  of  that  layer  from  tiie  neutral  axis;  becauae 
the  stress  is  uniformly  varying,  p  -^  yiatL  constant 
quantity.  Let  that  constant  be  denoted  for  the  pre- 
sent by  <k 


O \'"f' — o 


Fig.  188. 
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Let  z  be  the  breadth  of  the  layer  0^  and  nf  y  its  thicknesB; 
Then,  ihe  amount  of  the  streas  along  it  is 

pzdy  =  ayzdy; 

the  amoimt  of  the  stress  along  all  the  layers  at  tiie  given  cross- 
secdon  is 


»/y««^y; 


and  this  amount  must  be  nothing, — ^in  other  words,  the  total 
thrust  and  total  tension  at  the  cross-section  must  be  equaJ, — because 
the  foroes  applied  to  the  beam  are  wholly  transyerse;  from  which 
it  &Uow8y  that 


/y«rfy  =  0, (1.) 


and  Uie  netOral  aans  traverses  the  centre  ofgramJty  of  the  eroea-^ectiotL 
*nus  pDncixde  enables  the  neutral  axis  to  be  found  by  the  aid  of 
the  methods  explained  in  Articles  104  and  105,  pp.  152  to  158;  it 
being  home  in  mind  that  the  process  of  finding  the  centre  of  grayity 
of  a  given  plane  figure  is  the  same  with  that  of  fiTiHing  the  centre 
oi  grmty  of  a  homogeneoxxs  uniformly  thick  fiat  plate  of  that 

To  find  the  greatest  value  of  the  constant  p  -^y  consistent  with 
the  streaigth  of  the  beam  at  the  given  cross-aection,  let  y«  be  the 
distance  of  the  compressed  side,  and  y^  that  of  the  extended  side 
Irom  the  neutral  axis;  /^  the  greatest  thrust,  and  /^  the  greatest 
tendon,  which  the  material  can  bear  in  the  form  of  a  beam; 
compute  /«  -f-  y^  and  /»  ^  y^  and  adopt  the  lees  of  those  two 
quantities  as  the  value  of  |7  ^  y,  which  may  now  be  denoted  by 
/-r  y,;  /being/,  or/>,  and  yj  bemg  y.  or  y^  according  as  the 
beam  is  liable  to  give  way  by  crushing  or  by  taring. 

The  moment  relatively  to  the  neutral  axis^  of  the  stress  exerted 
al<Hig  any  given  layer  of  the  cross-section,  is 

/ 
ypzdy  ='^  t^  zdy; 
Vi 

and  the  sum  of  all  such  moments,  being  the 

sioMcM  m€  H— ifMce  of  the  given  cross-section  of  the  beam  to 
breaking  across,  is  given  by  the  formula, 

llSQ=jpyzdy^  ^j  y^zdy; (2.) 
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or  making  fy^  z  dy  ^1^ 

Mo={^ (2ii.) 

When  tlie  breaking  load  is  in  question,  the  co-efficient /is  what 
is  called  the  modulus  of  rupture  of  the  material  It  does  not 
always  agree  with  the  resistance  of  the  same  material  to  direct 
crushing  or  direct  tearing,  but  has  a  special  value,  which  can  be 
found  by  experiments  on  cross-breaking  only.  One  of  the  causes 
of  this  phenomenon  is  probably  the  fact,  already  stated  in  Article 
154,  p.  229,  that  the  resistance  of  a  material  to  a  direct  sti'ess  i& 
increased  by  preventing  or  diminishing  the  alteration  of  its  trans- 
verse dimensions;  and  another  cause  may  be  the  £etct,  that  the 
strength  of  masses  of  metal,  especially  when  cast,  is  greater  in  the 
external  layer,  or  «^n,  than  in  the  interior  of  the  masa  When  a 
bar  is  directly  torn  asunder,  the  strength  indicated  is  that  of  the 
weakest  part  of  the  ma&s,  which  is  in  the  centre ;  when  it  is  broken 
across,  the  strength  indicated  is  that  either  of  the  skin,  which  is 
the  strongest  part,  or  of  some  part  near  the  skin. 

When  the  proof  load  or  working  load  is  in  question,  the  co- 
efficient /  is  the  modulus  of  rupture  divided  by  a  suitable  fador 
of  safety,  as  to  which  see  Article  143,  p.  222. 

The  factor  denoted  by  I  in  the  preceding  equation  is  what  is 
conventionally  called  the  ^'  momerU  ofinertid**  of  the  cross-section 
of  the  beam.  For  sections  whose  figures  are  similar,  or  are  parallel 
projections  of  each  other,  the  moments  of  inertia  are  to  each  other 
ias  the  breadths,  and  as  the  cubes  of  the  depths  of  the  sections ;  and 
the  values  of  y^  are  as  the  depths.  If,  therefore,  6  be  the  breadth 
and  h  the  depch  of  the  rectangle  circumscribing  the  cross-section  of 
a  given  beam  at  the  point  where  the  moment  of  flexure  is  greatest, 
We  may  put 

l  =  n'hh^ (3.) 

y  =  m'h (4.) 

ri  and  m!  being  numerical  factors  depending  on  the  form  of 
section ;  and  making  n.'  ^  m'  =  n,  the  moment  of  resistance  may 
be  thus  expressed, — 

Mo  =  n/6A« (5.) 

Hence  it  appears,  that  the  resistam/m  of  sMla/r  croas-aedions  to 
cro88-hreakbig  a/rt  aa  their  breadths  ami  a^  tAe  sqtiares  of  Uieir 
depUis, 
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The  rektioD  between  the  load  and  the  dimensions  of  a  beam  is 
found  bj  equating  the  value  of  the  greatest  bending  moment  in 
terms  of  the  load  and  length  of  the  b^m,  as  given  in  Article  160, 
equations  10,  11,  12,  and  16,  pp.  243,  244,  to  the  value  of  the 
moment  of  resiBtanoe  of  the  beam,  at  the  cross-section  where 
that  greatest  bending  moment  acts,  as  given  in  equation  5  of  this 
Article;  that  is  to  say, 

M^=mWl=^n/hh^ (6.) 

m  hemg  the  oo-efficient  depending  on  the  mode  of  distribntion  of 
the  load,  as  defined  by  equation  1  of  Article  161,  p.  247,  and 
given  for  particular  cases  in  the  tables  and  examples  of  Article 
161. 

In  using  the  above  equation  6,  it  is  to  be  understood  that  the 
sme  \uiit  of  measure  is  to  be  employed  for  all  the  dimensions  of 
the  beam;  and  inasmueh  as  the  vaJnes  of  the  ''modnlus  of 
rupture "  /given  in  tables  are  generally  stated  in  pounds  on  the 
»iuare  mcA,  so  that  the  inch  is  the  proper  unit  for  the  transverse 
dimensions  b  and  A,  the  length  or  span  I  ought  to  be  expressed  in 
uuihes  ahao,  so  that  the  bending  moment  will  be  computed  in  inch- 


In.  finding  the  value  of  the  moment  of  inertia  I  of  cross-sections 
of  com|dex  figure,  the  following  rules  are  useful: — 

If  a  complex  cross-section  is  made  up  of  a  number  of  simple 
%^neB,  conceive  the  centre  of  gravily  of  each  of  those  figures  to  be 
traFersed  by  a  neutral  axis  parallel  to  the  neutral  axis  of  the  whole 
section.  Find  the  moment  of  inertia  of  each  of  the  component  figures 
relatively  to  its  own  neutral  axis;  multiply  its  area  by  the  square  of 
the  distance  between  its  own  neutral  axis  and  the  neutral  axis  of 
the  'whole  section;  and  add  together  all  the  results  so  found,  for 
the  moment  of  inertia  of  the  whole  section.  To  express  this  in 
^hols,  let  A'  be  the  area  of  any  one  of  the  component  figures,  t/ 
the  distance  of  its  neutral  axis  from  the  neutral  axis  of  the  whole 
section,  V  its  moment  of  inertia  relatively  to  its  own  neutnd  axis; 
^en  the  moment  of  inertia  of  the  whole  section  is 

I  =  2-r  +  2-j/2A'. (7.) 

^en  the  figure  of  the  cross-section  can  be  made  by  taking 
flawy  one  simpler  figure  from  another,  so  that  the  centre  of  gravity 
^  the  whole  figure  is  found  by  svbtn'ctciion  (as  in  p.  1^4),  both 
^  area  and  the  moment  of  inertia  of  the  subtracted  figiu:^  are 
to  be  considered  as  negative,  and  so  treated,  in  making  use  of 
equation  7. 
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163.  BnuM^M  •f  n«BMat  •f  BMi«imac«.— The  following  table 
contains  examples  of  the  values  of  the  fiEUstora  n%  m',  and  n,  of 
equations  3,  4,  and  5 : — 


FoBM  or  Cbosb  Sbotiohs. 

•'-ii'- 

"•a 

1 

I.  BflctaDfflf)  6 A. .) 

1 

12 

1 
2 

1 

(indudiog  Bqiure)           > 

II.  Ellipse^ 

Vertkal  Axis  A, ) 

6 

«•        1 

64     20*4 

s  0*0491 

1 
2 

«-       1 

82  "10-2 

=  0-0982 

(includiDg  circle)           } 

in.  HoUow  rectangle,  hk~-^k;  abol 
I-formed  eeetioii,  when  6'  is  1 
the  sum  of  the  breadths  of  the  1 
lateral  hollowa, J 

IV.  Hollow  square-*                        ^ 
V.  Hollow  elliiMe, 

iri^*'*^ 

1 
2 

1 
2 

6V^      6A»>' 

t 

12  V"^      AV 

6V^      P^ 

20-4  V        iA»y 

1 
2 

1    ,        ft'A-x 
10*2V^       **»/ 

vy.  Hollow  oireK 

20-4  >^^       h*J 

1 
2 

2 
8 

'  ri  *^^ 

10-2V         AV 

VIL  Isosceles  triangle;  base  6,  height) 
A;  ^1  measured  from  summit,) 

1 
86 

1 

24 

1 

The  following  examples  are  not  well  suited  for  introduction  into 
the  tables: — 


EzAHFLB  YIII. — T-formed  section. 

Aress. 

Flange  or  table, A^ 


Vertical  web, A 


2 


Depths. 


Totals,  Aj  +  Aj- A;  ^  +  ^2="^. 


Exact  Solution, — ^Distance  of  the  neutral  axis  from  the  edge  of 
the  vertical  web, — 
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^^^2  2A  ' 

M(Rnent  of  Inertia  of  whole  section^ — 

12  *  iA  ' 

Mament  of  ResistMioe,  as  before, — 


M^= 


A 


Vi 


(1.) 


(2.) 


^pproaekmUB  SolvHon, — ^When  h  is  sinall  compared  with  h^  make 
A  =^  +  ^  ^ J  then,  the  following  are  nearly  ooirect: — 

^    yi      6         A  +  Ai      ' 

_/A\A,(A,  +  4A,) 
6        A2  +  2A1 

^^A3CPLB  IX. — ^Double  T-formed  section.     The  beam  is  assumed 
^  give  way  by  the  tearing  of  the  lower  flange  or  table 
^    Let  the  areas  and  depths  of  the  parts  of  which 
"le  section  consists  be  denoted  as  follows : — 

Depths. 


tapper  i9ange  w  table _^, 

yertical  web, Aj, 


flange 


Fig.  187. 


.  ^»Ki  Sohaian. — The  height  of  the  neutral  axis  above  the  lower 
side  of  tiiis  section  is 


**~2  2  A  ' 

^  Moment  of  Inertia  of  the  section, — 

ftnd  the  Moment  of  Eesistance, — 


M,= 


(3. 
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Approxknate  SoltUion. — ^When  h^  ieuid  ^  are  small  oompared  with 
h^j  make 

then  the  following  fon^ulie  are  nearly  correct : — 

AYl    A3-AA     y.A,^.2A,. 
y^—2\} --£-)- 2         A~'  }-(4.) 

M     /J    /*^  A, (At  +  4  Ai  +  4  A,)  + 12 A^  A3, 
"^-y.-    6  A,+  2Ai 

Another  Approximate  SottUion,  when  A 2  is  very  small,  or  when 
there  is  an  open  frame  instead  of  a  vertical  wet>— 

y*  =  *A''  I  =  ^'-»J  Mo=/.A'A3. (o.) 

164.  Crw  ■ucti»w  of  Bqnal  lltrei^tk. — The  u^e  of  the  T-shs^d 
luid  donble-T-shaped  cross-sections  mentioned  in  the  last  Article,  is^ 
to  economize  any  material  whose  resistances  to  cross-breaking  by 
crushing  and  by  tearing  are  different,  by  so  adjusfting  the  position 
of  the  neutral  axis,  that  the  tendencies  of  the  beam  to  break  across 
by  crushing  and  by  tearing  shall  be  as  nearly  as  possible  equaL  The 
following  are  the  rules  for  effecting  that  adjustment: — 

Let /a  be  the  modulus  of  rupture  by  crushing; 
«  /»         1,  »  »         by  tearing;. 

,f  y^  the  distance  from  the  neutral  axis  to  the  compressed  side; 
.      „y»         n  ff  jy  extended  side ; 

t/m-^t/h-^  being  the  depth  of  the  beam; 

then  the  neutral  axis  should  be  so- placed  as  to  divide  that  depth  in 
the  following  proportion : — 

h 


'^'-^k (1.) 


Let  A2,  as  before,  denote  the  area  of  the  cross-section  of  the 
vertical  web  of  a  beam,  measiMredJrom  centre  to  centre  of  the  top  and 
bottom  flanges ;  A^  the  area  of  the  compressed  flange,  A3  that  of 
the  extended  flange. 

The  following  solutions  are  to  the  same  degree  of  approximatdou 
with  those  in  equations  2  and  4  of  Article  163. 
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Case  L  f^  greater  than  f^  beam  T-shapeoL — ^Here  the  flange  is 
rH^mred  at  the  stretclied  side  of  the  girder;  and  its  area  must  be  as 
follows: — 

-^8=^y-^ (2-) 

The  Moment  of  Hesistance  of  this  form  of  cross-section  is  (see  Article 
163,  equation  2,  p.  255) — 


m,=(Mz/')j:a, ^3j 


Case  II.  f^  greeOer  than  f^^  beam  dovhle  T-^iaped. — The  area  of 
the  compre99ed  flange  being  A^,  that  of  the  stretchod  flange  should  be 
as  follows : — 


,(4.) 


»~/»^      2/.  ^' 

when  the  Moment  of  Eesistanoe  will  become 

Mo  =  A' {/.A, +  (2/  .-/.)|» 

=*'{/.  A, -(/;-2/»)^}   (5.) 

In  designing  a  beam  to  bear  a  given  bending  moment,  the  depth 
K  and  area  A^  of  the  vertical  web  are  to  be  fixed  by  considerations 
of  pnurtical  convenience,  when  equation  5  will  enable  the  areas  of 
either  or  both  of  the  flanges  to  be  computed 

ExamipU. — Suppose  that  for  a  certain  sort  of  cast  iron, 

/^  =  80,000  lbs.  in  the  square  inch; 
/,  =  20,000    „      „ 

80  that  in  a  well-proportioned  section, 

5  :  4  :  1  :  :  A  :  2/a  •  y*« 
"^n  in  a  T-shaped  section, 


.(6.) 


Aj=— g- A2  =  ^Ag;  and 
^      140,000  h  A^ 

Mo g > 

and  in  a  double  T-shaped  section^ 

3 

A,  =  4Ai-i-^A^;*  and 

*  This  remit  fjnm  nearlj  with  the  proportionf  which  Mr.  Hodgkinaon  foond 
^^ptnmcBtaUy  to  be  the  best 'for  cast  iron  betmfl. 

8 
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Mo  =  A'  I  80,000  A 1  + 140,000^?  I 

=  A' I  20,000  A3-40,000:|?l (7.) 

Cahe  III.  /^  less  than  /j,  beam  T-shaped — Here  the  flange  is 
required  at  the  compressed  side  of  the  beam,  and  its  area  should  be, 

A,  =  4^"-Ay (8.) 

The  Moment  of  Eesistance  of  this  cross-section  is 

M.J2Al/.)iLA, (,.) 

Case  IV.  /,  less  than  f^,  beam  doMe  T'shaped.-^The  area  of 
the  stretched  flange  being  A3,  that  of  the  compressed  flange  should 
be  as  follows : — 

Ax  =  ^A,+-^^"  Aj; (10.) 

when  the  Moment  of  Besistance  wiU  become 

=  &'|/.A,  +  (2/.-/.)^^  (11.) 

In  designing  a  beam  to  bear  a  given  bending  moment,  the  depth 
A'  and  area  A^  of  the  Teitical  web  are  to  be  fixed  by  consideratious 
of  ))ractical  convenience,  when  equation  11  will  enable  the  area 
of  either  or  both  of  the  flanges  to  be  computed. 

Example, — Sup}x>se  that  lor  a  certain  sort  of  wrought  iron, 

/,  =  36,000  lbs.  on  the  square  inch 
/,=  G0,000    „        „        „        „ 

so  that  in  a  well-proportioned  section 

8  ;  3  :  5  : :  A  :  y.  :  y^. 

Then  in  a  T-shaped  section^ 


SECrXOKS  OP  CNIFOnM  STBEXOTH. 


2o0 


Ai  = 


5-3 


84,000  h!  A,      [ 


(12.) 


and  in  a  double  T-shaped  seetion 


Mo  =  A'  {  60,000  Ag  +  84,000  ^^  I 
=  A' I  36,000  A,  +  12,000  ^?|.» (13.) 

165.  Ii*Bgfta4ia«l  8cctl«K»  •£  VmUbmrn  flttcBgfb  ft»  BmaM  (J .  J/., 
299)  are  those  in  wliieh 
the  dimension*  of  the 
crooB-section  are  varied 
in  Bach  a  manner  that 
itB  ultimate  moment  of 
rnstance  beaiB  at  each 
pobt  of  the  Learn  the 
same  proportion  to  the 
liending  moment  of  the 
Wui  That  moment 
of  resistanee,  for  ^g- 
irns  of  the  same  kind, 
being  prc^)ortionaI  to  the 
hreadth  and  to  the  square 
of  the  depth,  can  be 
nuied  either  by  irarjing  the  breadth,  the  depth,  or  both.     The  law 


rig.i3a 


ric;.I39. 


Tig.  140. 


Fig.  141. 


Tig.  i42. 


fi&  liX 


fig.  245. 


*  Toe  first  tlmrcHeal  solotion  of  Cmes  IT.  md  lY.  was  cobUHimI  ki  a  paper  hj 
Mr.  Calkott  fioUy,  read  to  tbe  British  Aaauciatkm  at  Ox&rd  in  1«(»U. 


260 


MATERIALS  JlST>  STRUCTURES. 


of  variatjon  depends  upon  the  mode  of  variation  of  the  moment  of 
flexure  of  the  beam  from  point  to  point,  and  this  depends  on  the 
distribution  of  the  load  and  of  the  supporting  forces,  in  a  vsuj 
which  has  been  exemplified  in  Articles  160  and  161.  When  tlie 
depth  of  the  beam  is  made  uniform,  and  the  breadth  varied,  the 
vertical  longitudinal  section  is  rectangular,  and  the  plan  is  of  a 
figure  depending  on  the  mode  of  variation  of  the  breadth.  When 
the  breadth  of  the  beam  is  made  uniform,  and  the  depth  varied, 
the  plan  is  rectangular,  and  the  vertical  longitudinal  section  is  of  a 
figure  depending  on  the  mode  of  variation  of  the  depth.  The 
following  table  gives  examples  of  the  results  of  those  principles : — 


Mode  of  Loading 
and  Supporting^ 


I.  (Figs.  188,  139). 
Fixed  at  A.  load- 
ed at  B, 


II.  (Figs.  140.  141). 
Fixed  at  A,  uni- 
formly loaded,... 


III.  (Figs.  142.  148). 
Supported  at  A. 
and  B,  loaded  at 
C. 


IV.  (Figg.  144,  146) 
Supported  at  A 
and  B,  uniformly 
loaded, 


6A9 
proportional  to 


Depth  h  constant; 
Figure  of  Plan. 


Diatanoe  from  B. 


Square  of  distance 
from  B. 


Distance  from 

adjacent 

point  of  support 


Product  of  dis- 
tances from  points 
of  support 


Triangle,  apex  at 
B,  fig.  138. 


Pair  of  parabolas, 

vertices  touching 

each  other  at  B, 

fig.  140. 


Pair  of  triangles, 

common  base  at 

C,  apices  at  A  and 

B,  fig.  142. 


Pair  of  parabolas. 
Tertioes  at  C.  C. 
in  middle  of  beam; 
common  base  A 
B,  fig.  144. 


Breadth  b  constant; 

Fiinire  of  Vertical 

Longitudinal  Section 


Parabola,  vertex 
at  B,  fig.  139.     J 


Triangle,  apex  at 
B,  fig.  141. 


Pair  of  parabolas. 

vertices  at  A  and 

B,  meeting  at  C. 

fig.  143. 


Ellipse  A  D  B, 
fig.  145. 


The  formnlss  for  a  constant  depth  are  applicable,  approximately, 
to  the  breadths  of  the  flanges  of  the  T-shaped  and  double  T-shaped 
girders,  described  in  Article  164.  In  applying  the  principles  of  this 
Article,  it  is  to  be  borne  in  mind,  that  the  shearing  farce  has  not 
jet  been  taken  into  account;  and  that,  consequently,  the  figures 
described  in  the  above  table  require,  at  and  near  the  places  where 
they  taper  to  edges,  some  additional  material  to  enable  them  to 
withstand  that  force.      In  figs.   142  and   144;   such  additional 
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material  is  shown,  disposed  in  the  form  of  projections  or  palms 
at  the  points  of  support^  which  serve  both  to  resist  the  shearing 
force,  aud  to  give  lateral  steadiness  to  the  beam&  As  to  the 
greatest  intensity  of  the  shearing  stress,  see  Article  168. 

166.  ]lf«<tolM  •r  Baptwe  •rCMt  trmm  Htmmm.  {A.  M,,  297.)— Mr. 
William  Henry  Barlow,  in  a  pap^r  read  to  the  Eoyal  Society  (see 
PhU.  Tran8.y  1855),  showed  that  the  modulus  of  rupture  of  cast  iron 
beams  has  various  values,  ranging  from  the  mere  direct  tenacity  of 
^e  iron  up  to  about  two-and-a-quarter  times  that  tenacity,  according 
to  the  figure  of  the  cross-section  of  the  beam.  This  was  proved  by 
expe^riments  on  beams,  which  were,  in  some  cases,  of  a  solid  rect- 
angular  section,  and  in  other  cases,  of  an  open  work  rectangular 
section.  So  far  as  those  experiments  went,  they  were  in  accordance 
with  the  following  empiriced  formula : — 

/=/.+/■?;  (1) 

vlieie/is  the  modulus  of  rupture  of  the  beam  in  question;  f^,  the 

direct  tenacity  of  the  iron  of  which  it  is  made;  /*,  a  co-efficient 

-a 

detennined  empirically;  and  -^  ,  the  ratio  which  the  depth  of  solid 

Jwial  H  in  the  cross-section  of  the  beam  bears  to  the  toted  depth  of 
«ddon  K  The  following  were  the  values  of  the  constants  for  the 
cast  iron  experimented  on: — 

Direct  tenacity,  /^=  18,750  lbs.  per  square  inch; ) 

/  =  23,000  lbs.  per  square  inch;  V (2.) 

=  I^/q  nearly.  j 

Mr.  Barlow  afWwards  made  further  experiments  on  cast  iron 
l^^&ms  of  various  forms  of  section,  and  also  experiments  on  wrought 
iron  beams,  showing,  though  not  so  conclusively,  variations  in  the 
tnodulus  of  rupture  of  wrought  iron  analogous  to  those  which  have 
been  proved  to  exist  in  the  case  of  cast  iron. 

167.  JJIoinuic«  f«r  Weiffkt  •f  Bmia— liiMlliB^  IiaBgtk  •f  Bcsai. 
(4.  if.,  314,  315.) — ^When  a  beam  is  of  great  span,  its  own  weight 
ni&y  bear  a  proportion  to  the  load  which  it  has  to  cany,  sufficiently 
gteat  to  require  to  be  taken  into  account  in  determining  the  dimen- 
sions of  the  beam.  The  following  is  the  process  to  be  performed 
for  that  purpose,  when  the  load  is  uniformly  distributed,  and  the 
^>»m  of  uniform  cross-section.  Let  W  be  the  external  working 
W,  s.ita  &ctor  of  safety,  8^  a  factor  of  safety  suited  to  a  steady 
W,  like  the  weight  of  the  beam. 

I^t  6'  denote  the  breadth  of  any  part  of  the  beam,  as  computed 
by  conridering  the  external  breaking  load  alone,  »j  W'.     Compute 
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the  weight  of  the  beam  from  that  pravidanal  breadth,  and  let  it  be 

denoted  by  B*.     Then  — ^ r*'  w  the  proportion  in  which  Hie 

gross  breaking  load  exceeds  the  external  part  of  that  load.  Conse- 
quently, if  for  the  provisional  breadth  b'  there  be  substituted  the 
exact  breadth, 

'-:r^K <'•> 

the  beam  will  now  be  strong  enough  to  bear  both  the  pioposed 
external  load  W\  and  its  own  weight,  which  will  now  be 

"~*,W'-«2B" ^   ' 

and  the  tme  groas  bteakinj(  load  will  be 

^='^^^'*»=^4^ ^3.) 

As  the  factor  of  isafety  for  a  steady  load  is  in  general  one-half  of 
that  for  a  moving  load,  8^  may  be  made  =  2^2^  ^^  which  case  the 
preceding  formube  become 

6-2^'^^.      ,  (4) 

2B^W  . 
2W-B" ^"^'^ 

^      2W'-B" ^^'' 

In  all  these  formulae,  both  the  external  load  and  the  weight 
of  the  beam  are  treated  as  if  uniformly  distributed — a  supposition 
which  is  sometimes  exact,  and  always  sufficiently  near  the  truth  for 
the  purposes  of  the  present  Article. 

The  gross  load  of  l)eams  of  similar  figures  and  proportions,  vary- 
ing as  the  breadth  and  square  of  the  depth  directly,  and  inversely 
as  the  length,  is  proportional  to  the  square  of  a  given  linear 
dimension.  The  weights  of  such  beams  are  proportional  to  the 
cubes  of  corresponding  linear  dimensions.  Hence  the  weight 
increases  at  a  fiaster  rate  than  the  gross  load;  and  for  each  parti- 
cular figure  of  a  beam  of  a  given  material  and  proportion  of  its 
dimensions,  there  must  be  a  certain  size  at  which  the  beam  %nll 
bear  its  own  weight  only,  without  any  additional  load. 
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To  rednoe  iSias  to  calculation,  let  the  uniformly  distributed  gross 
breaking  load  of  a  beam  of  a  given  figure  be  ezprensed  as  follows :— * 

W  =  »iW'+«,B  =  l^^j (7.) 

/,  A,  and  A  being  the  length,  depth,  and  sectional  area  of  the  beam, 
/  the  nx>dulu8  of  rupture,  and  n  a  factor  depending  on  the  form  of 
croaa- section.     The  weight  of  the  beam  will  be  expressed  by 

B  =  kw'lA; (8.) 

tr  being  the  weight  of  an  unit  of  volume  of  the  material,  and  k  a 
factor  depending  on  the  figure  of  the  beam.  Then  the  ratio  of  the 
w^eight  of  the  beam  multiplied  by  its  proper  factor  of  safety  to  the 
gross  breaking  load  is 

W  "  Sn/h  ' ^'^ 

which  increases  in  the  simple  ratio  of  the  length,  if  the  proportion 
I -his  fixed.  When  this  i^  the  case,  the  length  L  of  a  1>cam,  whose 
weight  (treated  as  uniformly  distributed)  is  its  working  load,  is 
given  by  the  condition  «2  ^  =  ^  9  t^^  is, 

L  =  ^,; (10.) 

This  Umiiing  length  having  once  been  determined  for  a  given  class 
of  beams,  may  be  used  to  compute  the  ratios  of  the  gross. breaking 
load,  weight  of  the  beam,  and  external  working  load  to  each  other, 
for  a  beam  of  the  given  class,  and  of  any  smaller  length,  l^  according 
to  the  following  proportional  equation : — 

L  :-  :^  — : :  W  :B:  W; (11.) 

In  all  the  following  examples,  the  factors  of  safety  employed  are 
*j  =  6;  «^  =  Si- 
Example  L — Let  the  beams  in  question  be  plain  rectangulctr  cast 

iron  beams,  so  that  n-^,  ^=1,  «/  =  0*257  lb.  per  cubic  inch;  let 

h     1 
/=  40,000  Ibsw  per  square  inch ;  and  let  7  =  t^-     Then 

L  =  4,612inche8  =  384  feet  nearly; (12.) 

also,  I  being  expressed  in  inches — 

4,612:^:---|-::W:B:W' (13.) 
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ExAicpLE  IL — Cast  iron  beam  of  uniform  single  T-shaped  aectioii 
of  equal  strength  (as  in  Article  164,  Case  I.,  p.  257). 

Ag  =  X  A2  j .  •.  A  ^  2  Aj  and  A^  ^  -=  A. 

'^~    8     ""         24         ~      120       >--^-        151      ' 
As  before,  B  =  0*257  I  A; 
Let /.=  80,000  lb&  on  the  square  inch;  j  =  =-=;  then 

*2  B Im  inches        ,        \ 

^"^"Mse""'  V (14.) 

L  =  6,456  inches  =  538  feet;  j 
also, 

6,456  : 1  :  ^'^^^~^ :  :  W :  B  :  W. (15.) 

Example  III. — Cast  iron  beam  of  uniform  double  T-shaped 
section  of  equal  strength  (as  in  Article  164,  Case  IL,  p.  257). 

3  5 

A3  =  -g  Aj  +  4  A^;  .'.  A  =  rt  Ag  +  5  A^. 

M*=^=/.A'(^  A,+A.);  .•:W='^^^  G^+«^i)- 

In  order  to  obtain  a  definite  result,  some  proportion  must  be 
assumed  between  the  area  of  the  upper  flange  A|,  and  that  of  the 
vertical  web  A^  For  the  sake  of  illustration,  let  A^  =  A^  -s-  2; 
which  proportion  is  not  unusual  in  practice.     Then 

A  =  5A2  =  10Aj  =  Y'  -^si  *^^ 
/.A'A/7    .  4\_19.A*'^ 

As  before,  B  =  0-257  I  A.     Let  /.  =  80,000  lb.  on  the  sqaare 
mchj*'=^,jthen 

*2  B lin  inches         , 

W"-'^f62"^  *'^'*  } (16.) 

L  =  8,762  inches  =  730  feet  nearly; 
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8,762:  j:^^ ^::W:B:W'. (17.) 

SacAXFLE  rV. — ^Wrought  iron  beam  of  uniform  single  T-shaped 
rtiion  of  equal  strength  (as  in  Article  164,  Case  III.,  p.  258). 

•o.^  -—  "o  An y  *  •  A-  ^-*  rr  -"-J  and  ^.o  ^^  t  ■** • 

"•—    8    ~       30       ~        40"' •"  "^ -~5i      • 

In  this  case,  B  =  0*277  lA^^^lA. 

K        1 
JjBtf^  =  €0|0(K)  lbs.  on  the  square  inch  ;-.-=-=-=;  then 


«2  B  ^  2  in  inches 


;  and  ( 


w  ""     6,720    '  —  I (la) 

L  s=  6,720  inches  =  560  feet  nearly ;  j 
aLM>. 

6,720:^:^^1^^ — :::W:B:W (19.) 

SzAJCPUB  T. — ^Wrought  iron  beam  of  uniform  double  T-shaped 
section  of  equal  strength  (as  in  Article  164,  Case  lY.,  p.  258). 

Aj  ^  "5  Aj  "r  Q  Ajj .'.  A  ^  „  Aj  "r  o  Ag  j 

In  order  to  obtain  a  definite  result,  let  A3  =  A^ ;  which  pro* 
portion  is  not  unusual  in  practice.     Then  A  =  4  A2;  and 

/.A'A/T        \_37/»A'A 

A«  before,  let  B  =:  ^  i  A  ;/»=  60,000 ;  y  =  j-g ;  then 

»j  B       Hn  inches         ,  ■) 

"W  —     11,840~'  I (20.) 

Xj  =:  11,840  inohes  =  987  feet  neu-Iy;  j 
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also, 

ll,840:|:?^g^-^::  W:B:W (21.) 


168.   DIsirikHttoH  •r  ShMurliqK  StraM  In  BmsM.     {A,  J/.,  309.) 

It  has  already  been  shown  in  Article  160,  Division  11. ,  how  to  find 
the  greatest  amount  of  the  shearing  action  of  the  load  at  a  given 
cross-section  of  a  beam.  Let  F  denote  that  amount,  A  the  area  of 
the  ci-oas-section  at  which  it  acts;  then 

F 
Mean  irUensUt/  of  shearing  stress  =:  x (^') 

The  distnhiUwn  of  that  stress  over  the  cross-section  is  such  tliat 
its  intensitt/  is  greatest  at  the  neutral  aads,  and  gradually  diminishes 
towards  the  upper  and  lower  surfaces  of  the  beam,  where  it 
vanishes.  That  greatest  intensity  is  found  by  the  following  pro- 
cess:— Conceive,  as  in  fig,  136,  Article  162,  p.  250,  the  cross- 
section  to  be  divided  into  thin  horizontal  layers,  such  as  C;  let  ^ 
be  the  breadth  of  any  layer,  d  yii»  depth,  y  its  distance  from  the 
neutral  axis;  also  let  Zq  be  the  breadth  of  the  cross-section  at  the 
neutral  axis ;  I  the  "  nwnient  of  inertia'^  of  the  cross-section,  as 
defined  in  Article  162,  p.  252;  y^  the  distance  from  the  neutral 
axis  to  either  the  upper  or  the  under  surface  of  the  beam ;  q^  the 
required  greatest  intensity  of  the  shearing  stress.     Then 


% 


^i^j^y'^^y- (2.) 


The  symbol  /  ^  denotes  that  the  integration  or  summation  of 

the  products  yzdyoi  the  area  of  each  layer  into  its  distance  from 
the  neutral  axis,  is  to  extend  from  the  neutral  axis  to  either  the 
upper  or  the  lower  surface  of  the  beam,  that  integration  being 
thus  performed  for  one  only  of  the  two  parts  into  which  the 
neutral  axis  divides  the  cross-section.  It  is  a  matter  of  convenience 
only  which  of  those  parts  is  chosen,  as  the  same  result  is  arrived  at 
in  either  case. 

The  maximum  intensity  of  the  shearing  stress  at  the  given 
cross-section  exceeds  the  mean  intensity  in  the  following  pro- 
portion : — 


-/=i4/>--'^y' (3) 


a  ratio  depending  solely  on  the  figure  of  the  cross-seotion. 
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The  folio wiBg  table  gives  some  of  its  values : — 
Figure  of  Cross-section. 


^0^ 


L  Rectangle,  ao  =  ^> 2" 


IL  Ellipse  and  Circle,. 


4 
3 


III,  Hollow  Rectangle — 

This    includes   I-shaped 
sections, 


3  {bh^b'  h^'jbh^-b' 7*2 
2'     {b^b')'{bJ?-b'h:^)    ' 

3/,        hh' 


IV.  Hollow  square,  7i«- 7/2, 2  0  "^  7*2 +lt^) ' 

4 
V.  VL  Hollow  ellijise  and  hollow  circle;  the  numerical  factor  «; 

the  symbolical  factor,  the  same  as  for  the  hollow  rectangle 
and  hollow  square  respectively. 

VII.  Single  T-sha})ed  section ;  flange  A^ ; )  3     4  A  Aj  +  A|^ 
web  Aoj  Ai  +  A2  =  A, j  5 '  A7(4AiTA2)" 

VIII.  Double  T-shaped  section;  flanges  A j,  A3;  webAg; 
Aj  +  Ag  +  A3  =  A, 

A  (24  Ai  A3 +  12  AiAg+12AoAs)4  3  A» 
Ag  (24  Aj  A3  +  8  A^  A2  +  8  Ag  A3  +  :5  ^^f 

When  Aj  and  A3,  in  Case  VIII.,  are  large  compared  with  Ag, 
— that  is  to  say,  when  a  beam  consists  of  strong  upper  and  lower 
flanges  or  horizontal  bars,  connected  by  a  thin  vertical  web,  the 
(bearing  force  may  be  treated  as  if  it  were  entirely  borne  by  the 
vertical  web,  and  uniformly  distributed. 

The  smallest  cross-section  of  abeam  is  generally  fixed  by  reasons  of 
convenience,  independent  of  the  sheaiing  force  to  which  it  is  exposed, 
and  is  generally  much  greater  than  is  necessary  in  order  to  bear  that 
force.  But  when  it  is  practicable  to  ada[)t  the  least  cross-section  of 
the  beam  accurately  to  the  shearing  force,  the  preceding  formulie 
and  table  furnish  the  means  of  doing  so,  by  making 

9o  =  J-> ■• (4.) 

where  y  is  the  modulus  of  rupture  by  shearing,  and  *  a  factor  of 
safety.     This  equation  gives  for  the  least  sectional  area, 
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^-  F    g-   F-  f ^-^ 

in  which  formula,  (^^^  A  ^  F  is  to  be  found  by  means  of  equation  3 
or  of  the  preceding  table  of  examples. 

169.  DeflecttoH«fBmM«.  {A.  M,,  300  to  304.)— B J  the  tern 
^^  D^^otion,*^  when  not  otherwise  specified,  is  understood  the  grecUeS\ 
displacement  of  any  point  of  a  loaded  beam  from  its  position  wheij 
the  beam  is  unloaded.  Three  cases  may  be  distingmshed, — ^that  oi 
Deflection  under  any  ^oa^,that  of  Proof  Defledion,  or  deflection  unde^ 
the  greatest  load  which  does  not  impair  the  strength  of  the  beam| 
and  that  of  UUinuUe  Deflection,  or  deflection' immediately  befonj 
breaking.  When  the  load  does  not  exceed  the  proof  load,  tb« 
deflection  of  a  given  beam,  under  a  load  distributed  in  a  giveii 
manner,  is  very  nearly  proportional  to  the  load :  when  the  proot 
load  is  exceeded,  the  deflection  increases  in  general  &stcr  than  the 
load,  and  in  an  irregular  manner,  so  that  the  ultimate  deflection  isi 
not  capable  of  exact  computation.  The  remainder  of  this  Articlei 
will  therefore  relate  to  deflections  under  loads  not  exoeeding  the 
proof  load. 

The  determination  of  the  deflection  of  a  beam  under  a  transverse 
load  is  a  process  which  consists  of  three  steps,  by  which  are  found 
successively,  the  curvcUure  at  any  cross-section,  the  slope  at  any 
cross-section,  and  the  deflection. 

Step  I. — To  find  the  curvalitre  at  a  given  cross-section,— divide 
the  bending  moment  at  that  cross-section  (as  found  in  Article  160, 
Division  III.,  p.  242)  by  the  "moment  of  inertia"  of  that  section 
(as  found  in  Article  162,  p.  252),  and  by  the  modulus  of  direct 
elasticity  of  the  material  The  result  is  the  curvature, — ^that  is, 
the  reciprocal  of  the  radius  of  curvature  of  a  longitudinal  line  in  the 
beam,  which  was  straight  when  the  beam  was  unloaded.  Denote 
that  radius  by  r,  and  the  other  quantities  by  the  symbols  already 
employed;  then 

h^ <■•) 

The  positive  or  negative  sign  of  this  expression  will  show  whether 
the  curvature  is  concave  upwards  or  downwards. 

When  the  beam  is  under  its  proof  load,  and  the  given  cross-section 
is  Huxt  of  greatest  stress,  let  M^  denote  the  bending  moment  of  that 
section,  and  Iq  the  moment  of  inertia;  then,  as  has  been  shown  in 
Article  162^  equations  2  a,  3^  4,  and  5,  we  have 
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(where/  is  the  modtdta  of  proof  strengthy  or,  for  most  materials, 
from.  one-Lalf  to  one-third  of  the  modulus  of  rupture,  see  Article 
143,  P  222);  so  that,  in  the  case  now  considered,  equation  1  becomes 

i  =  -^-^-    ^  (2) 

r^    EIo'^Ey^^E^^ ^^'^ 

(a*'  liaving  the  meaning  explained  in  Article  162,  p.  252). 

This  formula  gives  the  sharpest  curvature  which  the  beam  can 
bear  without  injury;  and  as  y'  -h  E  is  the  proof  strain  of  the 
in:aterial,  that  curvature  depends  on  the  proof  strain,  the  depth  h, 
and  the  form  of  section  only. 

Wlioi  the  dimensions  are  all  given  in  inches,  the  bending 
iDOnnent  in  inch-pounds,  and  the  moduli  of  proof  strength  and 
eiaatidtj  in  pounds  on  the  square  inch,  the  radius  of  curvature  will 
be  computed  in  inches. 

The  denominator  £  I  in  equation  1,  expresses  the  transverse  stiff- 
ness or  resistance  of  the  beam  to  bending  at  any  given  cross-section ; 
and  as  I  may  be  expressed  in  the  form  n'  b  A'  (Article  162,  equation 
3,  pi  252),  the  resistances  of  similar  cross-sections  of  beams  of  the 
same  material  are  to  each  other  as  their  breadths,  and  as  the  cubes 
of  their  depths;  and  consequently, — 

The  curvcUures  of  beams  of  the  same  material  at  sections  of  similar 
fgvres,  under  equal  bending  moments,  are  inversdy  as  their  breadtfu, 
amd  inversely  as  the  cubes  ofthdr  depiks. 

Equation  2  also  shows  that, — 

The  curvatures  ofbeajns  of  the  same  material,  at  sections  of  similar 
^fyureSf  under  their  respective  proof  bending  moments,  are  inversely 
as  their  depths  simply. 

In  the  case  of  a  cross-section  of  equal  strength  (such  as  those 
described  in  Article  164),  equation  2  may  be  put  in  the  following 
form : — let  fj  and  f  be  the  moduli  of  proof  resistance  to  cross- 
breaking  by  compression  and  by  tearing  respectively;  then 

7o-  M     ^^^-^ 

The  curved  form  assumed  by  an  originally  straight  longitudinal 
line  in  a  beam  might  be  drawn  approximately  by  the  aid  of  equa- 
tion 1,  were  it  not  that  the  great  lengths  of  the  radii  of  curvature, 
and  the  smallness  of  the  ordinates  of  the  curve,  in  all  cases  which 
occur  in  practice,  render  it  neither  practicable  nor  useful  to  draw 
the  figure  of  that  curve  in  its  natural  proportiona  But  the 
following  process,  invented,  so  &r  as  I  am  aware,  by  Mr.  C.  H. 
WiJdy  enables  a  diagram  to  be  drawn,  which  represents,  with  a  near 
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approach  to  tuccaracy,   that  curve,    with  its  vertical  dimaufians 
exaggeratedy  so  as  to  show  ooimpicaously  the  slopes  and  oixliiiatea 

Compntey  by  eqnation  1,  the  ladii  of  enrvature  for  a  aeiies  of 
eqni-distant  poiiittt  in  the  beam.  Diminish  all  those  radii  in  any 
proportion  which  may  be  convenient,  and  draw  a  ciu-ve  eom|Kjeed 
of  small  circular  arcs  with  the  diminished  radii.  Then  in  the  .same 
i*atio  that  the  radii,  as  compared  with  the  horizontal  scale  of  the 
drawing,  are  diminished,  will  the  vertical  scale  of  the  drawing, 
according  to  which  the  ordinates  are  ahown,  be  exaggerated. 


Hg.  147. 

Step  II. — To  find  the  dopey  or  inclination  of  an  mginally 
straight  longitudinal  line  in  a  beam  to  its  original  position.  The 
solution  of  this  pL-oblcm  depends  on  the  principle,  that  the  difference 
of  slope  at  two  points  in  tJuU  linCy  is  the  product  of  the  distance 
hetioeen  those  points  into  the  menu  curvaiwre  of  tJie  portion  of  tlie  line 
between  tiienu  That  is  to  say,  in  symbols,  let  d  x  denote  the  length 
of  a  portion  of  the  line,  1  -f-  »•  its  mean  curvature,  d  i  the  dif- 
erence  of  slope  at  the  two  ends  of  that  portion ;  then 

di  =  ^'. (3.) 

Let  i^  be  the  slope  of  the  beam  at  the  point  taken  as  iho  origiD 
of  co-ordinates ;  i,  the  slope  at  a  point  whose  distance  from  that 
origin  is  a/ ;  conceive  the  distance  af  to  be  divided  into  an  indefiniti^ 
number  of  small  parts,  the  lengUi  of  each  being  d  x ;  compute  hy 
equation  1  the  curvature  of  each  of  those  parts,  and  by  equation  3 
the  successive  differences  of  slope;  sum  or  integrate  those  results, 
and  the  final  result  will  be  the  whole  diiTerence  between  the  slopes 
at  the  origin  and  at  the  point  xf,  that  is  to  say. 


^"  (^.) 


a    «• 


When  the  beam  is  supported  and  loaded  in  such  a  way  that  it  is 
known  to  have  tio  slope  at  a  certain  pointy  that  point  should  Ih? 
taken  as  the  origin.  This  occurs  in  two  cases;  that  of  a  beam 
fixed  at  one  end  and  loaded  on  the  projecting  portion  {^gj  147), 
which  has  no  slope  at  the  fixed  end  A;  and  that  of  a  beam  snp- 
X)orted  at  both  ends  and  symmetiically  losided  (half  shown  in  £g. 
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146),  viiicfa  has  no  dope  at  the  middle  point  A.  In  these  cases, 
let  the  tangent  A  X  0  at  the  point  of  no  slope  be  taken  as  the 
axitf  of  abecLsss,  along  which  a/  is  to  be  measured;  then 


io  =  0;  and»=J    -^. (5.) 


These  are  ihe  most  oommon  cases  in  practice.  In  other  cases, 
the  dope  i^  at  the  origin  must  remain  indeterminate  until  the 
tluni  step  of  the  solution  is  performed. 

The  foUowing  principles  are  the  consequences  of  equation  3,  when 
applied  to  similar  beam»  of  the  same  material,  voider  loads  similarly 
{HdrHnUed: — 

The  slopes  at  eomespondifig  points  are  as  the  lengths  and  ewrva- 
tsm;  and  therefore. 

Under  equal  loads,  the  dopes  at  eorreapfrnding  points  are  directly 
« \he  Ungtksj  and  inversely  as  the  breadths  and  cubes  of  the  depths; 

Under  the  proof  loads,  the  slopes  at  corresponding  points  are 
directly  as  the  lengths,  and  inversely  as  the  deptfis. 

The  following  formuln  express  tiiese  principles,  as  applied  to  the 
finding  of  the  steepest  slope  in  a  given  beam,  which  is  in  general  at 
tlie  point  most  distant  from  the  point  of  no  slope;  for  example,  at 
I>.  in  fig&  U6  and  147. 

Under  a  given  load  W ; 

steepest  slope  t'^  =^-^^^3; (6.) 

rnder  the  proof  load, 

steepest  slope  i^  =  ^-^; (7.) 

And  in  sections  of  equal  strength, 

*i—  EA  ' ^    ^ 

For  beams  fixed  at  one  end,  c  ^  ^;  for  beams  supported  at  both 

m'  and  vl  are  tiie  factors  already  explained  in  Article  162, 
quations  3  and  4,  p^  252,  and  of  which  iralues  have  been  given  in 
^e  Uble,  p,  254. 

«'  and  mrC  are  factors  depending  on  the  dLstribation  of  the  load, 
^ue  mode  of  support^  and  the  longitudinal  section  of  the  beam. 
™n»ple8  of  their  values  will  be  given  in  a  table  further  on.  They 
»*4r  tiie  following  relations  to  each  other ; — 


in  beams  fixed  at  one  end  wT  ^^mm";  )       /o  v 

ittbeams8upportedatbothendsm"'=  29»m'';j  ""^  '^ 
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m  being  the  factor  already  explained  in  Article  161,  equaiaon  1, 
p.  247,  and  of  which  values  have  been  given  in  the  tables  of  ppi 
2i5  and  246. 

Step  III. — ^To  find  the  DeJUctixm,  By  this  term  is  to  be  under- 
stood the  depression  oftfie  lotoest  point  bdow  the  highest  point  o/uoi 
originaUy  straight  horizorUcd  longUndinoU  line  in  the  beam. 

Let  ^  a;  be  tiie  distance  between  two  points  in  that  line,  i  the 
mean  slope  of  the  line  between  them,  and  d  v  their  difference  of 
level;  then 

dv:^i  dx, (9.) 

Assume  any  convenient  point  in  the  line  in  question  as  the 
origin  of  co-ordinates ;  let  u^  be  the  distance  of  another  point  from 
it ;  conceive  that  distance  to  be  divided  into  an  indefinite  number 
of  small  parts,  the  length  of  each  being  d  x ;  compute,  by  the  second 
step  of  the  process,  the  slope  of  each  of  those  divisions,  and  by 
equation  9,  tlie  successive  differences  of  elevation  of  their  ends; 
the  sum  or  integral  of  those  results  will  be  the  elevation  or  depres- 
sion of  the  point  t!  relatively  to  the  origin,  according  as  it  is  positive 
or  negative;  that  is  to  say, 

'*  idx. (10.) 


•= 


This  equation  finally  determines  the  figure  assumed  by  an 
originally  straight  longitudinal  line  in  the  beam. 

In  the  two  cases'representedbyfigs.  146  and  147 — that  is,  when 
the  beam  is  symmetrically  loaded,  or  fixed  at  one  end — the  most 
convenient  point  for  the  origin  is  still  the  point  of  no  slope  A,  and 
the  deflection  sought  is  the  difference  of  elevation  between  that 
point  and  the  furthest  point  D,  whose  distance  from  it  is,  in  a 
symmetrically  loaded  beam,  the  htdf-span^  ^  -f-  2,  and  in  a  beam 
fixed  at  one  end,  the  length  of  the  pi'ojecting  part,  I,  Hence, 
denoting  the  deflection  by  Vyy 


In  a  symmetrically  loaded  beam,  v^:=f^idx; 
in  a  beam  fixed  at  one  end,  ^i  =  /    i  doo^ 


(11.) 


In  other  cases,  the  most  convenient  point  for  the  origin  of  co- 
ordinates is  in  general  one  of  the  points  of  support;  the  fixity  of 
the  other  point  of  support,  for  which  v  =  0,  will  give  an  equation 
from  which  t^  in  equation  4  may  be  fo\md,  and  the  positions  of  the 
most  elevated  and  depressed  points  are  to  be  found  by  the  con- 
dition that  for  them  the  slope  t  =:  0.  Examples  of  such  problems 
will  be  given  in  the  sequeL 
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The  foDowing  principles  are  the  oonsequenoes  of  equation  9, 
when  apphed  to  similar  beams  of  the  same  maiaridy  under  leads 
tiaUiUariy  distributed: — 

Under  equal  loader  the  d^lectiions  are  directly  as  the  cubes  qf  the 
Im/ffthsy  and  tnvarsdtf  as  the  breadths  and  cubes  of  the  depths. 

Under  the  proof  loads,  the  deflections  are  directly  as  the  sguares  of 
the  lengths,  and  tncersdy  as  the  depths. 

The  foUowing  formulsd  express  these  prindples : — 

Dedectioii  loider  a  given  load  W, 

^^=iZt' <"•) 

Proof  Deflection^ 

-^=w^"'- 0^) 

And  in  sections  of  equal  strength. 


^1  =        EA        ^     ^ 

For  heams  fixed  at  one  end,  a  ^  I;  for  heams  supported  at  both 
end9,c  =  <  -s-  2. 

m'  and  n'  are  the  Motors  already  exphdned  in  Article  162, 
equations  3  and  4,  p.  252,  and  of  which  valties  have  been  given  in 
the  table,  p.  254. 

n*  snd  n"  are  fiujtors  depending  on  the  distribution  of  the  load, 
the  mode  of  support,  and  the  longitudinal  section  of  the  beam. 

They  bear  the  following  relations  to  each  other  : — 

in  beams  £xed  at  one  end,  n"  =  m  n";  ) 

i  in  beams  supported  at  both  ends,  n"*  s  2  m  n"  J  '**v^^v 

The  following  tables  give  examples  of  the  values  of  the  factors  in 
6,  7,  7  A,  12,  13,  and  13  a:— 
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Proof  LomL  Any  Lo«L 

^^*^  Factors  for  Facton  for 

Slopo.    Deflection.  Slope.     DeOed 

A*  TTnipobm  Cross-Sbction.         wt         ^r  fJ^  ^ 

L  CoDBtantMomentof  Flex- )  n  1 

ure j  2 

IL  Fixed  at  one  end,  loaded  I  1  1  1  \ 

atoiher, j  2  3  2  3 

III.  Fixed  at  one  end,  nni- )  1  11  ^ 

formly  loaded,.. j      3  4  6  8 

IV.  Supported  at  both  ends, )      1  1  \  \ 

loaded  in  middle, J      2  3  4  6 


2            5^           1  5 

Uniformly  loiaded, '.  f     3  12 6  48 


V.  Supported  at  both  ends, ) 


B.  UinFORM  Strength  and  Uni- 

form Depth.    (See  Article 
165,  pp.  259,  260.) 

(The  curvature  of  these  is  uniform). 

VI.  Fixed  at  one  end,  loaded  )      ,             1             ,  1 

at  other, j  2  2 

VIL  Fixed  at  one  end,  uni-  )      ,             1             1  ] 

formly  loaded, J  * 2  2  ^ 

VIIL  Supported  at  both  ends, )      -^            \            \  ^ 

loaded  in  middle, J  2  2  4 

IX  Supported  at  both  ends, )      |            \            1  ] 

uniformly  loaded, J  2  * 4  8 

C.  Uniform  Strength  and  Uni- 

form Breadth.  (See  Article 
165,  pp.  259,  260.) 

X.  Fixed  at  one  end,  loaded  \      o            ?            2        ..  ? 
atother, J  *  3 3 

XI.  Fixed  at  one  end,  uni- 1  .^^^^      1      infinite       l 

formly  loaded^ /  2 

Xn.  Supported  at  both  ends, )      a  2  ^1 

loaded  in  middle, J  3 3 

XIII.  Supported  at  both  ends,  )  j.^y^g  ^.^^^g  ^.ggg^  q.^^' 
uniformly  loadea,  •••...) 
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The  indues  of  m'  and  n*  for  beams  of  uniform  strength,  as  giyen  in 
the  ahove  table,  are  greater  than  those  which  occur  in  practice, 
becsiue,  in  computing  the  table,  no  account  has  been  taken  of  the 
additioDsl  material  which  is  placed  at  the  ends  of  such  beams,  in 
order  to  give  sufficient  resistance  to  shearing  (see  p.  267). 

The  error  ihxia  arising  applies  chiefly  to  m",  the  factor  for  the 
msTJiniiTn  slope.  For  the  factor  for  the  deflection,  n",  the  error  is 
incoDfliderable,  as  experiment  has  shown. 

170.  The  PgepartisM  mf  tlM  Gtcmcm  Dc^h  •f  m  WUmm  %m  Ike  Bfrnm 
{A,  M,,  302,)  is  so  regulated,  that  the  proportion  of  the  greatest 
deflection  to  the  span  shall  not  exceed  a  limit  which  experience  has 
shown  to  be  consistent  with  conyenience.  That  proportion,  from 
various  examples,  appears  to  ~ 


V  11 
For  the  working  load,  -^  =  from  ^gg  to  t-^qQ' 

V  11 
For  the  proof  load,  —  -j^  =  from  ^^  to  g^g. 

The  determination  of  the  proportion,  A^  4*  /,  of  the  greatest  depth  of 
theWm  to  the  span,  so  as  to  give  iJie  required  stiShess,  is  effected 
^J  the  aid  of  equation  13  of  Article  169,  p.  273,  from  which  we 

obtain 


nTfe    _    nTfl    ^ 


/"■2Em'Ao'"4Em'A^' 
^^'''iBs^Qflntlj  the  required  ratio  is  giyen  by  the  equation 


ui  expression  conidsting  of  three  fistctors:  a  fiictor, »" -^  4  m',  depend* 
i^OQ  t^e  distribution  of  the  load  and  the  figure  of  the  beam;  a 
^r,  I  ^  Vy^  being  the  prescribed  ratio  of  the  span  to  t^e  deflection ; 
^dafactor,jr  -f-E,  being  the  ;»^ strain,  or  the  toarking  strain,  of 
uttioaterial,  as  the  case  may  be.  When  the  cross-section  is  one  of 
^  strength,  as  in  Article  164,  equation  1  may  be  put  in  the 
allowing  jform : — 


Eu»u  I. — ^Le*  tiie  beam  be  ander  ita  vforking  load,  imiformly 
^''li^ted,  on  a  beam  of  uniform  section,  alike  above  and  belov. 

Thenn's^  w'  =  ^-     Let  -  =  1,000  be  the  prescribed  ratio  of 
12'  2  ^'i 
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the  span  to  the  working  deflection.     Let  the  material  be  witnight 

1  .  •     /      mi_ 

iron,  for  which  o-A/^/x  is  a  safe  value  for  the  working  strain  ^-     Then 


N-A    1,000 _^  _    1 
i  "■24*3,()00~72"'144' 


which  is  very  nearly  the  average  proportion  of  depth  to  span 
adopted  for  wrought  iron  girders  in  practice. 

Example  IL — ^Let  the  beam  still  be  under  its  working  load, 
uniformly  distributed;  let  the  cross-section  be  of  equal  strength, 
and  let  the  longitudinal  section  be  one  of  uniform  strength  and  uni- 
form depth.  (See  Article  165,  Case  IV.,  p.  260.)  In  this  case,  n"  =  ;^- 

Let  l^v^he  still  =  1,000.  The  material  being  wrought  iron,  and 
the  factor  of  safety  about  6,  let/'.  =  6,000;  /»  =  10,000;  and  let 
E  =  29,000,000.     Then 

Ao  _  1.16,000x1, 000  _    l^ 
i  ~ 8  '    29,000,000    "US' 

being  nearly  the  same  as  in  the  preceding  example. 

Example  III. — As  in  Example  IL,  let  the  beam  be  under  its 
working  load,  uniformly  distributed;  let  the  cross-section  be  of 
equal  strength,  and  the  longitudinal  section  of  uniform  strengUi 

and  uniform  depth.     Then  n"  s=  x.    Let  the  material  be  cast  iron ; 

let  the  factor  of  safety  be  6,  and  let  /.  =  13,333,  /*  =  3,333, 
E=  16,666,000.  The  following  are  the  proportions  of  greatest 
depth  to  length  for  two  different  values  of  the  proportion  of  the 
greatest  deflection  to  the  length : — 

fori  =  600,^-^.1.-3 

fori.=800.^=^,. 

171.  SmmBarr  m€  the  lhr»cc—  mt  DaslgnlMf  m  Bcmh. — ^In  design- 
ing a  beam  of  a  given  material,  and  of  a  given  span,  to  support  a 
given  load,  distributed  in  a  given  way,  the  process  to  be  followed 
may  be  thus  summed  up : — 

L  Decide  to  what  class  of  figures  the  cross-section  shall  belong ; 
for  example,  whether  it  is  to  be  rectangular,  similar  above  and 
below,  T-shaped,  double  T-shaped,  of  equal  strength,  and  so  forth 
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(see  Article  164,  pp^  256  to  259);  also,  of  what  kind  the  longitadinal 
aectkm  is  to  be:  as  to  wliich,  see  Article  165,  pp.  259  to  261. 

II  Determine  the  greatest  depth,  hy  the  considerations  men- 
tioned in  Article  170,  p.  275. 

HL  Find  the  shearing  force  and  bending  moment  at  a  sufficient 
mmiho'  of  croes-eections,  and  the  greatest  shearing  force  and 
bending  moment,  as  in  Articles  160,  161,  pp.  239  to  249. 

lY.  Multiply  the  greatest  bending  moment  by  a  proper  hctoT  of 
safety;  "which,  for  a  travelling  or  otherwise  moving  load,  wiU,  in 
genoal,  he  six.  This  gives  the  breaking  moment  for  rupture  by 
CRW-hreaking.  In  like  manner,  the  greatest  shearing  force,  multi- 
plied by  a  proper  factor  of  safety,  ffives  the  ultimate  resistance  to 
shearing  at  the  section  where  the  shearing  force  is  greatest 

Y.  Determine  provuionaUy  the  product  of  the  extreme  breadth 
and  square  of  the  depth  at  the  section  of  greatest  bending  moment, 
by  dividing  that  moment  {M^)  by  the  modulus  of  rupture  of  the 
material  (/),  and  by  the  proper  &ctor  (n).  (See  Article  162,  equa- 
tion 5,  p.  252;  also  the  table  of  the  values  ci  n,  p.  254.)  That  is  to 
8aj,ini^ 

l/h^zA (1.) 

Diride  this  by  the  square  of  the  depth,  already  found :  the  result 
vill  be  the  provisioned  ePBtreme  breadth^  h\ 

In  some  cases,  such  as  those  of  T-shaped  and  double  T-shaped 
aedions  of  equal  strength,  the  above  process  may  not  be  convenient ; 
and  then  the  provisional  sectioned  etreeu  of  the  different  parts  of  the 
beam  are  to  be  deduced  from  the  required  moment  of  resistance 
11^  and  the  already  fixed  depth  A,  by  the  aid  of  equations  1,  2,  3, 
4,  or  5,  of  Article  163,  pp.  255,  256,  or  of  the  formuke  of  Article 
1S4,  pp.  256  to  259. 

VL  From  the  extreme  depth  and  the  extreme  breadth,  or  seo- 
tional  area  (as  the  case  may  be),  at  the  section  of  greatest  bending 
moment,  find  all  the  other  required  transverse  dimensions  of  the 
beam. 

VIL  Thence  compute  its  weight  If  this  is  a  small  fraction  of 
tbe  external  load,  the  results  already  obtained  are  sufiicient. 

VnL  But  if  the  weight  of  the  beam  forms  a  considerable  part 
of  the  load,  the  results  already  obtained  are  provisioned  only,  and 
the  breadths  (and  therefore  the  sectional  areas)  are  to  be  increased 
eveiywhere  in  the  proportion  given  by  Article  167,  equation  1,  p. 
2S2.  The  weight  of  the  beam  also  will  be  increased  in  the  same 
pt^portioa 

By  means  of  equation  2  of  the  same  Article,  p.  262,  the  ratio  of 
the  weight  of  the  beam  to  the  external  load  may  be  found  approxi- 
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mately  so  soon  as  the  extreme  depth,  and  the  diameter  of  tbe  cross 
and  longitudinal  sections  have  been  fixed ;  and  then  the  breaking^ 
load  may  be  found  approximately  by  equation  3  of  the  same 
Article,  and  used  in  computing  the  required  ultimate  resistanoe  to 
cross-breaking  and  to  shearing;  whence  the  true  breadths  and  areas 
of  the  beam  may  be  found  at  once.  But  when  this  me^od  is 
followed,  the  exact  weight  of  the  beam  should  afterwards  be  com- 
puted from  the  dimensions,  to  test  whether  the  approximate  value 
is  sufficiently  near  the  truth. 

IX.  The  method  of  Article  168,  pp.  266  to  268,  may,  if  neces- 
sary, be  employed  to  test  whether  the  cross-section  at  the  points  of 
greatest  shearing  force  is  sufficient  to  resist  that  force. 

172.  SaMcBlf-appltod  TiMi4— flwIfllT-ralllag  M^mm^    (A,  M.y  306.) 

— A  suddenly-applied  transverse  load,  like  the  sudaenly-applied 
pull  of  Article  149,  p.  227,  produces  at  first  double  the  maximum 
stress,  and  double  the  strain,  which  the  application  of  a  load 
gradually  increasing  from  nothing  to  the  amount  of  the  given  load 
would  produce. 

The  action  of  the  rolling  load  to  which  a  railway  bridge  is  sub- 
jected is  intermediate,  in  those  cases  which  occur  in  practice,  between 
that  of  an  absolutely  sudden  load  and  a  perfectly  gradual  load.  It 
has  been  investigated  mathematically  by  Mr.  Stokes,  and  experi- 
mentally by  Captain  Galton,  and  the  results  are  given  in  the  Beport 
of  the  Commissioners  on  the  Application  of  Iron  to  Bailway 
Structures. 

The  additional  strain  arising^  whether  from  the  sudden  application 
or  swift  motion  of  the  load,  is  sufficiently  provided  for  in  practice 
by  the  method  already  so  frequently  referred  to,  of  making  the 
factor  of  safety  for  the  travelling  part  of  the  load  about  double  of 
the  factor  of  Nifety  for  the  fixed  part. 

173.  The  RmI1Imic«  w  Spriag  •f  a  Bern  (A,  If.,  305,)  is  the 
work  performed  in  bending  it  to  the  proof  deflection ; — ^in  other  words, 
the  energy  of  the  greater  shock  which  the  beam  can  bear  without 
injury ;  such  energy  being  expressed  by  the  product  of  a  weight 
into  the  height  from  which  it  must  fall  to  produce  the  shock  in 
question.  This,  if  the  load  is  concentrated  at  or  near  one  point,  is 
the  product  of  half  the  proof  load  into  the  proof  deflection;  that  is 
to  say,  let  W  be  the  proof  load;  then  the  resilience  is 

^' (..) 

If  the  load  is  distributed,  the  length  of  the  beam  is  to  be  divided 
into  a  number  of  small  elements,  and  half  the  proof  load  on  each 
element  multiplied  by  the  distance  through  which  that  element  is 
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mnred  dntiog  the  proof  deflection  of  the  beam.     Let  u  be  that  dis- 
tanoe;  then  for  beams  fixed  at  one  end, 


u  =  v; 


and  for  beams  sapported  at  both  ends. 


u  =  t;j  -t?. 


(2.) 


Let  dxhe  the  length  of  an  element  of  the  beam;  to  the  intensity 
of  the  load  on  it,  per  unit  of  length;  then  the  resilience  is 


s  I  ufO'dx (3.) 


The  cases  in  which  the  determination  of  resilience  is  most  useful 
in  piBctioe  are  those  in  which  the  load  is  applied  at  one  point. 

Let  the  beam  be  fixed  at  one  end  and  loaded  at  the  other^  c 
being  the  length  of  its  projecting  part     Then 

^^=^'»=2i"^r^** (*•) 

This  ezpreadon  consists  of  three  factors,  viz. : — 

(L)  The  Tolume  of  the  prism  circumscribed  about  the  beam, 

ebJL 

ft 
(2L)  A  Modulus  of  BmUence^^^ ,  of  the  kind  already  mentioned 

in  ATtade  149,  p.  227. 

(3.)  A  numerical  fiictor,^ — ,;  in  which  nand  ml  (see  p.  252) 

depend  on  the  form  of  croesHsection  of  the  beam,  and  n'  (see  p. 
273),  on  the  farm  of  longitudinal  section  and  of  pUm.  The  follow- 
ing are  values  of  this  compound  factor  for  a  redanffular  eross" 

medon,  for  which  «= t*.  «»'- a,  and  therefore  ^ — #  =  2r' — 
'  6  2  2  m     6 

6* 
L  Uniform  breadth  and  depth, •.f^ 

IL  Uniform  strength,  uniform  depth,  j^* 

IIL  Unifixrm  strength,  uniform  breadth,   5* 
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If  a  beam  be  supported  at  both  ends  and  loaded  in  the  middle, 
its  length  being  /  =  2  c^  its  proof  deflection  is  the  same  with  that  of 
a  beam  of  the  same  transverse  dimensions  and  of  the  length  e, 
fixed  at  one  end  and  loaded  at  the  other;  and  its  proof  load  is 
double  of  that  of  the  latter  beam;  therefore,  its  resilience  is  double 
of  that  of  the  latter  beam.  Consequently,  for  rectangular  beams  of 
the  half  span  e,  supported  at  both  ends  and  loaded  in  the  middle, 
we  have  the  following  values  for  the  numerical  factor  of  ^e 
resilience :— « 

lY.  TTnifonn  breadth  and  depth, ^ 

y.  Uniform  strength,  uniform  depth,   • • 

o 

YL  Uniform  strength,  uniform  breadth, <      ^ 


174.  Bflbct  m£  TwiMlBS  •■  a  Bean.  {A.  If.,  320  tO  325.) — ^A 
full  account  of  the  theory  of  resistance  to  twisting  and  wrenching 
would  be  out  of  place  in  the  present  treatise,  as  engineering 
structures  are  never  subjected  to  any  considerable  strain  of  that 
kind.  For  the  solution  of  such  questions  as  commonly  occur  in 
practice  respecting  such  structures,  the  following  principles  are 
sufficient : — 

L  The  MomerU  of  Torsion  or  TunsUng  Moment  of  a  load,  means 
the  moment  of  the  pair  of  equal  and  opposite  couples,  which,  being 
applied  at  diflTerent  points  in  the  lengtili  of  a  bar,  tend  to  twist  the 
intermediate  portion,  and,  if  great  enough,  to  break  it  by  wrenching. 

II.  The  Ultimate  Moment  of  Beeietanee  of  a  bar  to  wrenching 
ranges  from  about  once  and  a-half  to  twice  its  Moment  of  Ke- 
sistanoe  to  cross-breaking. 

IIL  Suppose  that  the  resultant  load  on  a  beam,  W,  and  the 
supporting  pressures,  act  in  a  plane  which,  instead  of  coinciding 
with  the  middle  longitudinal  vertical  section  of  the  beam,  lies  to 
one  side  of  that  section,  and  parallel  to  it,  at  the  distance  L^ 
Then  besides  the  bending  moment  on  each  cross-section  of  the  beam 
(M),  found  as  in  Article  160,  there  is  a  Twisting  Moment  whose 
value  is, 

T  =  PiL (1.) 

P^  being  the  greatest  supporting  pressure. 

In  finding  the  Moment  of  Resistance  (M^)  i^uired  to  give  the 
beam  sufficient  strength,  the  following  formula  is  near  enough  to 
the  truth  for  practical  purposes : — 
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M,=>y/{f  +  T«}+M; (2.) 

and  tlie  dimensions  of  the  beam  are  to  be  computed  as  if  this 
quantity,  instead  of  M,  were  the  bending  moment  of  the  load 

175.  The  Bxprntoa  aMi  CMimcUMi  of  long  beams  {A.  M,^  309), 
which  aiiae  from  the  changes  of  atmospheric  temperature,  are 
nsuallj  provided  for  bj  supporting  one  end  of  each  b^un  on  rollers 
of  steel  or  hardened  cast  iron.  The  following  table  shows  the  pro- 
portion in  which  the  length  of  a  bar  of  certain  materials  is 
increased  by  an  elevation  of  temperature  from  the  melting  point 
of  ice  (32°  Fahr.,  or  0^  Centigrade)  to  the  boiling  point  of  water 
under  the  mean  atmospheric  pressure  (212®  Fahr.,  or  100°  Centi- 
grade);  that  is,  by  an  elevation  of  180°  Pahr.,  or  100°  Centigrade  :-* 

Metals. 

£ra8B> '00216 

Bronze, *ooi8i 

Copper, '00184 

Gold, '0015 

Cast  iron, *ooiii 

Wrou^t  iron  and  steel, 'ooii4to'OOi25 

Lead, '0029 

Platinum, "0009 

Silver, '002 

Tin, *oo2  to  '0025 

Zinc, '00294 

Eartht  Materiaus. 

(The  expansibilities  of  stone  from  the  experiments  of  Mr.  Adie.) 

Brick,  common, 'oo35S 

„      fire, -0005 

C^ent, '0014 

Glass,  average  of  different  kinds, '0009 

Granite, -0008  to  "0009 

Marble, '00065  to  *ooii 

Sandstone, *ooo9  to  *ooi2 

SUte, '00104 

Tdcbeb. 

(Expansion  along  the  grain,  when  dry,  according  to  Mr.  Joule, 

Proceed.  Roy.  Soc,,  Nov.  5,  1857.) 

S^jwood, '000461  to  '000566 

Deal, -000428  to  -000438 
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Mr.  Joule  found  that  moisture  diminishes,  annuls,,  and  eTen 
reverses,  the  expansibility  of  timber  by  heat,  and  that  tension, 
increases  it. 

176.  Bean  Fixed  at  B#th  Biida.  (A,  if.,  307.) — ^The  particular 
problems  respecting  beams,  which  have  been  solved  in  the  preced- 
ing Articles,  have  liJl  reference  to  cases  in  which  the  beam  is  either 
firmly  fixed  at  one  end  and  loaded  on  the  projecting  portion,  or 
simply  suppoi'ted  at  the  two  ends  and  loaded  between  them,  and  in 
which,  consequently,  the  determination  of  the  shearing  force  and  bend- 
ing moment  at  each  point,  and  of  the  curvature,  slope,  and  deflection, 
are  simple  and  direct  pi*ocesses,  proceeding  step  by  step  firom  the 
determination  of  one  quantity  to  that  of  another.  In  this  and  the 
following  Aiiicles,  problems  will  be  considered  in  which  the  shear- 
ing force  and  bending  moment 
depend,  to  a  greater  or  less  ex- 
tent, on  the  curvature,  slope, 
and  deflection;  and  in  which, 
^fr  ^*®'  consequently,    the    algebraical 

process  of  elimination  is  often  required,  two  or  more  unknown 
quantities  having  to  be  determined  at  once  by  solving  an  equal 
number  of  equations  at  the  same  time. 

A  beam  is  fixed,  as  well  as  supported  at  both  ends,  when  a  pair 
of  equal  and  opposite  couples  are  made  to  act  on  the  vertical 
sectional  planes  at  its  points  of  support,  of  magnitude  sufficient  to 
maintain  its  longitudinal  axis  horizontal  there,  and  so  to  diminiali 
the  deflection,  slope,  and  curvature  of  its  middle  portion.  This  is 
generally  accomplished  by  making  the  beam  form  part  of  one 
continuous  girder  with  several  points  of  support,  or  by  making  it 
project  on  either  side  beyond  its  points  of  support,  and  so  fastening 
or  loading  the  projecting  portions,  that  their  loads,  or  the  resistance 
of  their  &stenings,  shall  give  the  required  pair  of  couplea 

In  fig.  148,  let  C  B  A  B  C  represent  a  beam  supported  at  the 
points,  C,  C,  loaded  along  its  intervening  portion,  and  so  fixed  or 
loaded  beyond  these  points,  that  at  them  its  longitudinal  axis  is 
horizontal,  instead  of  having  the  slo()e  t'^,  which  it  would  have 
if  the  beam  were  simply  stipported  at  C,  0,  and  not  fixed.  At  each, 
of  the  vertical  sections  above  the  points  of  support,  C,  C,  there  is 
an  uniforrnlf/'Vaiying  horizorUal  stress,  being  a  pull  above  and  a 
thrust  below  the  neutral  axis;  and  the  moment  of  that  pair  of 
stresses  is  that  of  the  pair  of  equal  and  opposite  ooiiples  which 
maintain  the  beam  horizontal  at  the  points  of  support  It  is  re- 
quired to  find, — in  the  first  place,  that  resisting  moment  at  the 
vertical  planes  of  support  (from  which  the  sti'ess  on  the  material 
there  may  at  once  be  found);  and  secondly,  the  eflect  of  that 
moment  on  the  curvature,  slope,  deflection,  and  strength  of  the  beam. 
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The  geaaenJ  method  of  solatioo  of  this  questioii  is  as  follows : — 

Compute,  bj  equation  5  of  Article  169,  jk  271,  i\t  the  slope  which 

the  sentral  sarCioe  of  ^e  beam  would  hare  at  the  points,  C,  C, 

if  it  were  simplj  supported  there,  and  not  fixed.     Then,  by  the 

exprefiuon  £It.-i-c,  find  the  uniform  moment  of  flexure,  which 

if  it  acted  on  tne  beam  in  sndi  a  manner  as  to  make  it  become 

con-rex  upwards,  would  produce  a  slope  at  the  points,  C,  C,  equal 

and  €onirary  to  Vj.     This  wiU  be  the  required  moment  of  re- 

Qstenee  at  the  Tertical  sections  C,  C.     It  will  afterwards  appear 

^lat  this  18  the  greatest  moment  of  resistance  in  tiie  beam;  so  that 

by  putliiig  it  instead  of  M0in  the  formula  of  Articles  162,  163, 

and  164,  pp.  251  to  259,  the  conditions  of  strength  of  the  beam 

are  detennined.     Denote  this  moment  by  —  Mj,  the  negative  sign 

denotang  that  it  tends  to  produce  convexity  upwards,  while  the 

load  on  the  beam  tends  to  jnoduce  convexity  downwarda 

Let  M  be  what  the  moment  of  flexure  at  any  point  of  the  beam 
wimld  5^  if  it  were  simply  supported  at  C,  0«  Then  ihe  actual 
iQoment  of  flexure  is 

and  by  substituting  this  for  M  in  the  equations  cf  Article  169,  pp. 
368  to  273,  the  curvature,  slope,  and  deflection,  i4th  ihe  proof  load, 
or  with  any  load,  are  found. 

Where  M  is  the  greater,  as  at  A,  the  beam  is  convex  down- 
wards Where  M  is  the  less,  as  at  0,  the  beam  is  convex  up- 
wards. There  are  a  pair  cf  points,  B,  B,  at  which  M  r=  M|,  so 
that  the  moment  of  flexure,  and  consequently  the  curvature,  vanish, 
and  the  beam  is  subjected  to  a  shearing  force  alone;  these  are 
called  the  poinU  €f  conJtroflry  Jleocwe;  and  they  divide  the  middle 
part  of  the  beam,  which  is  convex  downwards,  from  the  two  end- 
mcst  part%  which  are  convex  upwards. 

fixAMFiii  L — Symmetrical  load  on  a  beam  of  uniform  eecHon,  in 
general.  By  Article  169,  equation  6,  p.  271,  observing  that  I  :s 
2  e^  wo  have 

,  _2m''  m  Wc* 
And  by  the  table  in  the  same  Article,  p.  274,  Case  I. 


Mj  =:         --    =: ; 


-=  2  «i''mWc  =  m"-mW^  =  m--M<j, (1.) 
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M^  being  what  the  bending  moment  at  A  would  have  been^  had  tK« 
beam  been  simply  supported. 

The  values  of  m"  are  given  in  Article  169,  p.  274. 

Let  M  0  be  the  actual  bending  moment  at  A.    Then 

M'o  =  (l—m")  Mo (2.) 

The  greatest  moment  of  flexure  must  be  either  at  A  or  C,  or  ats 
both,  if  the  moments  of  these  sections  be  equal  and  opposite.     But^ 

for  beams  of  uniform  section,  m"  is  never  greater  than  ^;  there- 
fore the  greatest  moment  of  flexure  is  at  C,  or  both  at  C  and  A, 
and  never  at  A  alone. 

The  uMmate  strength  or  greatest  moment  of  resistance  of  the 
beam  is  expressed  bj  the  following  formula,  obtained  bj  putting  M^ 
instead  oimWl,  in  equation  6  of  Article  162,  p.  253 : — 

Ml  =  wi" »»  W  /  =  n/6  A*; (3.) 

W  being  the  breaking  load,  and /the  modulus  of  rupture. 

Hence  it  appears,  that  by  fixing  the  ends  of  an  uniform  heatn  so 
that  Uhsy  shall  he  horieonial,  its  strength  is  increased  in  the  ratio 
l:m".  . 

The  deflection  is  found  by  subtracting  that  due  to  the  nniform 
moment  Mp  from  that  which  the  load  would  produce  if  the  beam 
were  simply  supported  at  C  and  C. 

The  result  is  as  follows : — 

""^-w   V'  EI  -v**     2;-  EI t*-> 

For  values  of  n'  see  the  table  already  referred  to,  p.  274.  Prom 
the  last  of  those  expressions,  it  appears  that  by  fixing  the  ends 
horizontal,  an  uniform  beam  is  made  stifler  under  a  given  load 
in  the  ratio 


«':(«"-|"). 


If  in  the  first  expression  for  the  deflection,  M,  be  considered  to 
represent  the  moment  of  resistance  corresponding  to  the  proof 
or  limiting  safe  stress  at  the  section  C,  we  may  make  M^  -&-  I  ^zf 
^  m!  h;  so  as  to  obtain  the  following  expression  for  the  deflection 
voider  the  proof  had: — 


fn"       1\     /c* 
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being  less  than  the  proof  deflection  of  a  beam  sunply  supported,  as 
giTen  bj  equation  13,  Article  169,  p.  273,  in  the  ratio 


£"-!)='*"• 


The  points  c^  oonttwry  flexure  are  to  be  found  in  each  particular 
hj  solTing  the  equation 


M— Mi  =  0. 


.(6.) 


Examples  IL  and  IIL  are  particular  cases  of  the  general  problem 
in  Bxample  L 

£XA3IPLB  IL —  Uniform  lection,  loaded  in  Hat  middle. 


1.1,1 
^—  l>  *»  =2»  **  —  y 


M-o  =  Ml  =  J  M«  =  J  W  /  =  ?  W  c  =  n  /  6  A»; 


..(7.) 


The  points  of  contrary  flexure  are  midway  between  A  and  C. 
Rtamplk  ill — Uniform  section,  uniformly  loaded. 


W=ifol=^2ew 
1,2,5 


2~*""3 


24 


...(8.) 


_  1     /c«      fn"      1\        .  _  3 

Tlie  paints  of  contrary  flexure  are  each  at  the  following  distance 
from  A,  the  middle  point  of  the  beam : — 


^/l 


=  0-577  0  s  0-289  l;. 


■m 


ExAicPLB  IT. — Uniform  eirength,  uniform  depth,  uniform  load 
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In  tliia  caae  the  uniformity  of  strength  is  attained  by  making  th- 
'^  breadth  at  each  point  proi 

portional  to  the   momeot 

of  flexure,  as  shown  in  the 

plan,  ^.  149,  preserving, 

Pig  149  "       at  the  points  of  oontrarv 

thickness  only  to  resist  the  shearing  fo  J"^  ^'  ^'  *  ™®"'''°* 

diSon'^^rt^  *^-  ^  "  ""^''"^  '""  »««>»'»*.  changing  in 

of'Ji^^  those  arcs  are  of  equal  length;  therJore  each  point 
liT^^'^lf^rTt'''  '^'^''  *^«  -^''^  of  the  be^  A 

double  o?tW  S~'  *^'' V**  f  ^"^  ^'^^^'^  «f  *•»«  '««™  '«'«*  ^ 
n^Z?  5.1        i  "'•  ^^•"^•y  o"'^«i  beam  of  half  the  span,  sun- 

tKtlti£i;et:^'KKer  "  *"  "^'  ''"Sl"^ 
not  fixed;  or  ^U^    ^^  "^  *^*  '***'  "P*"'  supported  but 


1      /c« 


"i  =  1  •  ^ 


4'EWX 


.(10.) 


nnSJltf  1    !iTr*^*  *'^.  ^^^^'^  »*  ^  ™"8t  be  the  same  as  in  an 
uniformly  loaded  beam,  with  the  same  intensity  of  load  u» «  W  ^ 

2  c,  supported,  but  not  fixed  at  B,B;  that  is  to  say       "^- "    " 


M'„  = 


16  "  32  *  4 


(11.) 


and  therefore,  the  moment  of  flexure  at  C  is 

«/6,  A.=  M,  =M,-M'„=  3-^  =  qj-«  =  3WJ,  (12.) 

\  bane  the  breadth  of  the  beam  at  C,  wHch  is  three  times  the 
breadth  Oq  at  A. 

The, breadth  6,  at  any  other  point,  whose  distance  ftom  A  is 
X,  IS  given  by  the  equation 

»=IO-*^».  =  (l-^». (.3.) 

In  usii^  this  equation,  the  p<Aitive  or  negative  sign  of  «ie  result 
merely  mdicates  the  direction  of  the  curvature. 
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AccordiBg  to  this  equation,  the  figure  of  the  beam  in  plan  (fig. 
149)  oonsLsts  of  two  parabolas,  having  their  yertioes  at  A,  and 
mtersecting  each  other  in  the  points  of  contrary  flexure^  B,  B,  for 

which  z  =  z±z  ^ 

177.  A  ItiMM  Vimmd  at  IhM  MmA  aadi  ■■purtgi  at  B#th  {A.  If., 
308)  is  sensibly  in  the  same  condition  with  the  part  C  B  A  B  of 
the  beam  in  fig.  148,  extending  from  one  of  the  fixed  points  C  to 
ike/artker  point  of  contraiy  flexure,  which  now  represents  a  point 
supported^  bulnotfiaoKL  Hence  if  a  continuous  girder  be  supported 
on  a  aeries  of  piers,  the  span  of  each  of  the  endmost  bays  should  be 
to  the  span  of  each  intermediate  bay  in  the  ratio  e+a\^ :  2  <?>  where  x^ 
is  the  duttanoe  A  B  from  the  lowest  point  to  a  pointof  contiury  flexure. 

—The  continuity  of  a  girder  over  the  piers  which  support  it  is  not 
Bofficient  to  fix  it  horizontal  at  the  points  of  support,  unless  all  the 
qwiB  are  alike  loaded.  Hence  the  full  strengthening  and  stiflening 
^ect  of  such  continuity,  as  investigated  in  Article  176,  is  to  be 
reckoned  upon  as  r^^ards  iAn^  fixed  part  of  the  load  only,  and  not  as 
regards  the  travelling  part 

In  determining  the  moment  of  resistance  required  in  th$  parts  of 
such  a  girder  which  are  directly  over  the  piers,  the  whole  girder  is  to 
be  supposed  loaded  with  the  travelling  load  as  well  as  the  fixed  load, 
and  the  method  of  Article  176  applied  in  order  to  find  M^  (p.  283). 

fiat  the  same  method  will  not  in  this  case  give  a  sufficiently 
great  value  to  "M'^,  the  moment  of  resistance  required  at  the  middle 
of  each  span;  for  the  greatest  bending  moment  at  that  point  is 
piodooed  when  one  span  is  loaded  with  the  travelling  load  as  well 
as  the  fixed  load,  and  the  adjoining  spans  loaded  with  the  fixed 
load  only 

Greater  or  less  precision  may  be  used  in  finding  M^  according  to 
^^i^cumstances.  The  following  approximate  method  errs  on  the  safe 
^,  and  is  the  best  to  employ  when  the  fixed  load  is  light  com- 
pared with  the  travelling  load. 

Method  I. — ^Calculate  that  part  of  M  ^  which  arises  from  the 
fixed  load  as  for  a  girder  fixed  horizontal  at  the  ends  (Article  176, 
equation  2,  p.  284),  and  that  part  which  arises  from  the  travelling 
^oad  as  for  a  girder  merely  supported  at  the  ends,  but  not  fixed. 
(Article  161,  Case  VL,  p.  246).  In  other  words,  compute  the 
^nding  moment  which  would  be  produced  by  the  entire  load, 
fixed  and  travelling,  on  a  beam  merely  supported  at  the  ends,  and 
SQbfxact  from  the  result  the  already  computed  moment  of  flexure 

)Jf^  ^?  points  of  support,  due  to  the  fixed  load  alona 

That  is  to  say,  in  83rmbol8,  let  u?  be  the  intensity  of  the  fixed 
»^i3ilha  cm  the  lineal  foot,  and  u/  that  of  the  travelUng  load;  then 


288 


ICATERIAUI  AKD  8TRTTCITUIUt3i 


M'o  =  ^*^±^.M, (1.) 


(2.) 


8 
For  example^  for  a  beam  of  uniform  aection,  uniformly  loaded, 

Mi=^;  and 

To  find  the  deflection,  calculate  that  produced  by  the  total  load 
in  a  beam  merely  supported  at  the  ends,  and  subtract  that  due  to 
the  uniform  moment  M^. 

That  process  gives  the  foUowing  result^  for  an  uniform  beam 
under  a  given  load,  o  =  ^  -t-  2  a3  usual^  being  the  half  span  :-^- 

i/,  =  («  +  5«02-j^^^ .". ..(3.) 

and  supposing,  as  is  usually  the  case,  that  M'^  is  equal  to  or  greater 
than  M|  (that  is,  if  tc^  is  equal  to  or  greater  than  to  -&-  3),  so  that 
the  greatest  stress  is  in  the  middle,  the  proof  d^Uction  is 


^^^w  +  3v/    4 Em' A' 


(4.) 


If,  on  the  other  hand,  M^  is  the  greater  (a/  being  less  than  w  -f.  3), 

^i=-2to     'iEm?T (^^ 

Method  II. — ^When  the  fixed  load  is  greater  than,  equal  to,  or 
not  much  less  than,  the  travelling  load  on  a  given  length  of  girder, 
the  following  method  may  be  used : — 

Let  fig.  150  represent  a  viaduct  of  several  spans,  consisting  of  a 
continuous  girder  resting  at  C^  C^  C,  iic,  on  a  series  of  equiiSstant 


fig.  150. 


piers.    The  endmost  span  C  E  is  smaller  than  the  rest;  the  prin- 
ciple upon  which  it  is  to  be  determined  will  be  afterwards  explained 


OIBDSR  COKTIKUOUS  OYEU  PIBB& 
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For  tiie  present,  the  bridge  is  to  be  conceived  to  consist  of  an 
indefinitelj  long  series  of  equal  spans,  each  alternate  span  only  being 
uniformly  loaded  from  end  to  end  with  the  greatest  possible 
timvelling  load. 

Let  w  be  the  intensity,  per  lineal  foot,  of  the  fixed  part  of  the 
load;  tif,  that  of  the  travelling  part;  so  that  to-hv^  ia  the  intensity 
of  ibe  load  on  the  more  heavily  loaded  spans,  A,  A,  &a,  and  to  that 
of  the  load  on  the  intermediate  spans,  D,  D,  &a 

Let  —  Mj  denote  the  yet  unknown  negative  moment  of  flexure  at 
the  points  of  support  over  the  piers,  0,  C,'C,  &c 

In  any  heavily  loaded  division,  let  horizontal  distances  denoted 
by  z  be  measured  from  the  central  point  A. 

In  any  lightly  loaded  division,  let  distances  denoted  by  a^  be 
measured  from  the  centi^  point  D. 

Let  c  =  l  -7-  2  denote  the  half-span  of  each  bay. 
Let  the  beam  be  supjfoeed  of  uniform  section,  the  moment  of 
inertia  being  I,  and  the  depth  A,  as  before. 

Then  the  following  are  the  results  of  the  processes  in  Article 
169:— 


Ligtatlr  loaded  DMdon. 

Heavily  loaded  DiTliion. 

BeidiDKllaaaitHs 

1 

!nie  condition  of  continuity  of  the  beam  above  the  points  of 
support  is,  that  for  x  =  c,  and  sc^=  —e,  the  slope  %  shall  be  the  same. 
This  gives  the  following  equation : — 

-— +  Mi<j=^ ^ M^c; 

whence  we  obtain  the  following  value  of  the  negative  moment  of 
flexure  above  each  pier : — 

"^1-  6     '    "         24        ^^ 


IniroduciDg  this  into  the  expressions  for  bending  moments,  and 

u 
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slope,  and  proceeding  with  the  prooesseB  of  Article  169,  we  obtain 
the  following  results : — 


B«DdiDg  Moment  U= 


Slope  t 


Deflection  v  at  any  \ 
point / 


ligbflj  loftded  DlTiBion. 


El  ( 


tp— 2to^  ^    w—to' 


24  12 

^24      f 


c«x^ 


Heavily  loaded  DfrMoo. 


iff+2ip'_-    w+W 
-6— *'— 2— 


t9  +  2»' 


c»x- 


u 

1     fio  +  Sw'  .    w  + 
Ei\~24~'^ ^1 


■} 


2' 
12 


<^x«+«-^^} 


The  following  cases  of  these  equations  are  the  most  important  in 
practice : — 

Bendmg  MomerU9 — 

At  the  centre  D  of  a  lightly  loaded  span, 


<>"     6         "^4^     ' 
At  the  oentre  A  of  a  heavily  loaded  span, 


Mo  = 


w  +  2«/  _    w  +  2«/ 


C2  = 


2i 


I* 


(7.) 


The  greatest  mom&nJt  of  flexure  will  be  either  M^  at  A,  or  ~  M^  at 
C,  according  sus  the  intensity  of  the  travelling  load  to',  or  that  of  the 
fixed  load  w,  is  the  greater^ 

Central  Deflexions  tmder  amy  load — 

Of  a  lightly  loaded  division,  t/j  =  («7  -  2  m/)  s^-^cTj ; 

Of  a  heavily  loaded  division,  v^  =  («?  +  3  m/)       ^ 


If  to  is  leas  than  2  to^,  the  first  of  these  becomes  an  deoation^  being 
negative. 


BEAM  COmuaJOUB  OYER  PIEB& 
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Catind  D^Uxmu  of  a  heavily  loaded  Dvvinon  under  the 

Troof  Load — 


if  to;:?^ to',  80  that  —  Mi::^5^M^; 


.(9.) 


The  coiresponding  deflections  of  a  lightly  loaded  division  are 

foaud  \^  mtdtipljing  these  ezpresaionB  bj s — r- 

Potn^  o/*  "no  curvature  occur  at  the  following  distances  from  the 
centre  of  each  division : — 


In  a  lightly  loaded  division,  at  a/ =  =t:c\/-K — ; 


In  a  heavily  loaded  division,  at  as  =  =!=  c\  /  „-. ,^. 

•^  '  V  3(u7  +  i«/) 


(U7 +  !«/)■ 


(10.) 


When  ihoee  points  occur  in  pairs,  they  are  points  of  corUrmry  flex^ 
vn;  and  this  is  always  the  case  in  a  heavily  loaded  span ;  but  in  a 
lightly  loaded  span,  if  te/  =  tc,  there  is  but  one  point  of  no  curvature, 
which  is  at  the  middle  of  the  division,  and  is  not  a  point  of  con- 
trary fieznre;  and  ifv/z^  w^  there  is  no  such  point  in  that  span. 

C  E  represents  a  division  of  the  girder,  at  the  end  of  the  viaduct, 
of  sach  a  length  that  when  it  is  unsupported  at  E  its  weight  may 
^  at  least  sufficient  to  produce  the  proper  moment  of  flexure  —  M| 
above  the  nearest  pier  C.  In  order  that  this  may  be  the  case,  its 
length  0£  =  f  should  be  at  least  suflicient  to  fulfll  the  following 
oondifcioQ:-. 


2  1 


2«;  +  t€^ 


.2. 


nid  consequently,  the  least  limit  of  that  length  is  given  by  the 
following  formula : — 

c^=^^<,^y^. (11.) 

(^  means  ''not  less  than,"  and  .^c  "not  greater  than.*') 
The  division  G  E  should  not  extend  farther  from  C  than  the 
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farthest  point  of  contrary  flexure,  when  that  division  has  the 
trayelling  load  on  it ;  that  is  to  say,  the  greatest  limit  of  its  length  is 

oi.r^.(.  VP^ m 

In  order  that  the  fnlfilment  of  these  conditions  may  be  possible, 
the  expression  (12)  must  not  be  less  than  the  expression  (11). 
When  the  end  E  of  the  girder  is  not  supported  by  the  action  of  the 
travelling  load,  it  rests  on  the  abutment  F. 

Throughout  the  whole  of  the  preceding  calculations  in  this 
Article,  it  is  to  be  understood  that  the  iome  /actor  of  9a/e^  is  on- 
ployed  hoth/or  the  faoed  and  the  travelling  parte  of  the  load.  If  it 
is  considered  advisable  that  the  &ctor  of  safety  for  the  ordinary 
working  travelling  load  should  be  double  that  for  the  fixed  load  (for 
example,  that  the  former  should  be  6,  while  the  latter  is  3);  then  io 
and  t^are  to  be  held  to  represent  the  intensities  of  the  two  parts  of 
the  proof  load,  each  being  one-third  of  the  corresponding  portion 
of  the  load  which  would  break  the  beam  if  divided  in  the  same 
manner;  so  that  M^  or  —  M,,  as  the  case  may  be,  is  one-third  of 
the  breaking  momenta  In  the  course  of  the  ordinary  traffic  upon 
the  bridge,  the  intensity  of  the  fixed  load  to  will  continue  the  same 
as  before,  while  that  of  the  greatest  travelling  load  will  be  reduced 
to  one-half  of  that  of  the  travelling  proof  load;  that  is  to  say, 
ta'-T-2. 

179.  ItiillM^  er  81«Fia«  Bean  wltli  •■  AlbHlMmrtr— In  ^.   lol, 

A  B  represents  a  straight  beam,  loaded  with 
weights,  and  having  an  abutment  at  A.  The 
supporting  pressures  at  A  and  B  are  to  be  found 
by  the  process  explained  in  Article  112,  Case 
III.,  p.  174. 

Besolve  the  load  and  the  supporting  pressures 
respectively  into  components  parallel  and  per- 
pendicular to  the  beam,  or,  as  they  may  be  called, 
longitudinal  and  transverse  components.  The 
strain  on  the  beam  is  compounded  of  longi- 
tudinal compression,  produced  by  the  longitudinal  forces,  and  of 
bending,  produced  by  the  transverse  forces. 

For  example,  let  the  load  be  uniformly  distributed,  and  let  w  he 
its  intensity  in  lbs.  per  lineal  inch  of  the  span  measured  fiorizorUally ; 
that  is  to  say,  if  I  denotes  the  length  of  the  sloping  beam  between 
the  points  of  support  A,  B,  t  its  angle  of  inclination,  and  W  the 
total  load,  the  value  of  that  intensity  is 

w^W  -H^oosi (1.) 


STnjcfOTH  OF  ▲  SLOPnra  katteb. 
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The  sappoTtdng  pressore  at  B  is  horizoatal ;  that  at  A  is  inclined 
at  the  angle  irhose  tangent  is  2  tan  i;  and  their  values  are  re- 
^pectiTelj — 

AtB,  H  =  W~2tant) 

At  A,  ^H«  +  W>.  ...)  ^  *^ 

The  longitndinal  components  of  the  load  and  supporting  pressores 
are  as  follows: — 

Of  the  load,- W  sin  «=  —uflcosi  nni; 


Woos'i 
Of  the  preasure  at  B;  -  H  cos  »=  — ^—, 


2mi%  ' 
Of  the  pressure  at  A;  Hcos»  +  Wsin» 


W/  1 


...(3.) 


the  n^atiye  signs  in  the  first  two  expressions  denoting  downward 
action.     The  transverse  components  are, — 


Of  the  load, — Wco8*=  — tcioos't;  ' 

Of  each  of  the  supporting  )  W  cos  % 
/"""2~ 


..(4.) 


Let  A  denote  the  area  of  a  given  transverse  section  of  the  beam 
at  £y  whose  distance  from  B  is  denoted  bj  of.  Then  there  is  at 
that  section  a  longitudinal  thrust  whose  intensity,  found  bj  dividing 
its  amount  by  the  area  A,  is  as  follows : — 


H 


Wcoe»» 
2sini 


•^wx  cost 


t  sin  t  ]  •- 


(5.) 


The  bending  moment  M  at  the  same  cross-section  is  the  same  as 
in  a  beam  of  the  span  I,  loaded  with  to  cos*  t  lbs.  on  the  lineal  inch 
maatured  along  the  beam,  and  is  to  be  found  from  these  data  ,by 
the  formula  of  Article  161,  Case  YL,  p.  246,  or  by  the  method  of 
Article  176,  p.  282,  according  as  the  beam  is  merely  fixed  in  position 
at  A  and  B,  or  fixed  in  direction  as  well  as  in  position. 

It  may  here  be  remarked  that  if  C  D  be  a  horizontal  beafn  of  the 
span  I  cos  i  (being  the  horizontal  projection  of  the  span  of  A  B), 
loaded  with  the  same  uniformly  distributed  load  W  as  A  B,  and 
supported  or  fixed  at  the  ends  in  the  same  manner,  the  moment 
of  flexure  at  F,  the  cross-section  corresponding  to  E,  will  be  the 
same  as  at  EL 

Let  I  be  ''the  moment  of  inertia"  of  the  cross-section  at  £  (see 
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p.  252),  and  nCh  the  distance  from  the  neutral  axis  to  the  concave 
side  of  the  beam.  Then  the  moment  of  flexure  M  produoea  an 
«iditional  thrust  at  that  side  of  the  intensity, 

p"  =  — ^. (6.) 

SO  that  the  greatest  intensit  j  of  thrust  at  that  cross-section,  and  the 
condition  that  it  shall  not  exceed  a  safe  limit  of  intensitj  (/* )  are 
expressed  as  follows : — 

I^+P'^f (7.) 

In  the  best  practical  examples,  the  beam  is  fixed  in  direction  at 
A  and  B;  and  in  that  case,  the  greatest  moment  of  flexure,  and 
the  greatest  longitudinal  thrust,  both  occur  at  the  abutting  joint  A. 
The  value  of  the  bending  moment  being  taken  from  Article  176, 
equation  8,  p.  285,  the  greatest  intensity  of  thrust  is  found  to  be 

^^^  "2-A  Wi'*"^V-'-l2-  T <^^> 

In  designing  a  sloping  beam,  the  depth  h  may  be  fixed  in  the 
first  place,  as  in  Article  170,  p.  275.  The  kind  of  cross-section 
adopted  will  then  fix  the  ratios  m%  and  I  ^  m'  A^  A,  I  and  A 
themselves  being  still  indeterminate.  Let  the  last  of  these  ratios  be 
denoted  by  q.   Then  equation  7  may  be  put  in  the  following  form : — 

whence  is  deduced  the  following  formula  for  computing  the  re- 
quired sectional  area : — 

.      W  fl  /  1         .A     ^cosi) 

Table  of  Yalues  of  g= I  -r m'  i*  A  (  =  -^,  n  having  the  values 
given  in  Article  163,  p.  254  j. 

Form  of  CRoss-SEcnoir.  q* 

1.  Rectangle,  ^. 

6 

IL  EUipse  and  Circle, \. 

o 
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in  KollowBjectang\e,A  =  bh-b'h*'A 

alflo  I-fonned  seddon,  6'  being  !  ]  A     ^^''\  ^  A  _  ^\ 
the  sum  of  the  breadths  of  f  6V       ftW  '  V      hh)* 
the  lateral  hollows, J 

VL  HoUowSquare,  ArrA^-A** K^"^7^' 

V.  Hallow  Ellipse, l  (l  J^  .  {iJ^). 

VL  HoUow  Circle, ^(l+^Y 

ViL  T-formed  Section;  approximate  so- 
lution as  in  Article  1 63,  equation 
2,  p.  255,— 

(Flange  A,;  web  A^ -^^^^^l)^^. 

Tm  Doable  T-formed  section;  approxi- 
mate solution  as  in  Article  163, 
equation  4,  p.  256 
(Flanges  Aj,  Ao;  web  A^;  the 
beam  supposea  to  give  waj  by 
crushing  the  flange  A^ 

A2(A5  +  4Ai  +  4A5)  +  12AiA3 

6(A2  +  2A3)(Ai  +  A^  +  As) 

XL  Doable   T-fonned    section,    alike )      1  A         4  A^    \ 
above  and  below  (A8  =  Aj); /     6  V      Aj+  2  aJ' 

When  the  deflection  of  the  sloping  beam  A  B  is  compared  with 
that  of  the  horizontal  beam  0  D  of  equal  horizontal  span,  and 
under  the  same  load,  it  appears,  fix)m  the  principle  of  Article  169, 
p.  273,  that  if  those  beams  are  of  eqiud  and  sitnilar  cross-aedioT^ 
their  deflections  at  corresponding  points  being  as  the  cubes  of  the 
lengthsy  and  as  the  loads  producing  deflection,  which  are  inversely 
as  the  lengths,  are  to  each  other  as  the  squares  of  the  lengths; 
that  is 

Deflection  of  A  B :  deflection  of  0  D  : :  1  icos^t (9.) 

Alfio,  the  verHcal  components  of  the  deflections  are  as  the  lengths 
wsk^lj,  or 


Vertical 
deflection 


?^^^**^^l :  deflection  of  CD  : :  1  -.cost... (10.) 
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But  if  A  B  &6  increased  in  breads  as  compared  with  C  I>  in  the 
i*atio'of  1  :  CO&  ij  or  Bdc  illy  the  vertical  c(ymp&nerUs  of  their  deflectums 
will  be  ^ud.     This  principle  will  be  referred  to  ia  the  next  article^ 

179  a.  To  DedHcc  the  OrmiMt  MnM  !■  a  Beun  frMM  the  DeflccCiML 

— This  is  done  by  means  of  a  formula  deduced  from  equation  13 
of  Article  169,  p.  273,  as  follows:— 

Let  h  be  the  depth  of  the  beam  at  the  section  of  greatest  stress, 
and  m  h  the  distance  from  the  neutral  axis  of  that  section  to  that 
surface  of  the  beam  at  which  the  greatest  stress  is  required  ;  m*,  a 
factor  explained  in  Article  162,  p.  252,  depending  on  the  form  of 
cross-section : — 

c,  the  half-span  of  a  beam  supported  at  both  ends,  or  the  length 
of  the  loaded  part  of  a  beam  supported  at  one  end; 

rCy  the  factor  for  proof  deflection,  explained  and  exemplified  in 
Article  169,  pp.  273,  274; 

E,  the  modulus  of  elasticity  of  the  material; 

Vy  the  observed  deflection; 
then  the  intensity  of  the  greatest  stress  is 

P\  =  —Zff--A~ U-; 


n^'t^ 


To  the  values  of  the  fector  n"  given  in  the  table,  p.  274,  may  he 
added  the  following,  which  are  taken  from  Articles  176  andU77, 
pp.  284,  285,  286,  288,  and  289. 

Cases. 

XIY.  Beam  fixed  at  both  ends,  section  uniform,  ) 
load  in  the  middle, j 

XY.  Beam  fixed  at  both  ends,  section  uniform, ) 
load  uniform, j 

XYL  Beam  fixed  at  both  ends,  depth  uniform, ) 
load  uniform,  strength  uniform, ) 

XYII.  Beam  imperfectly  fixed  at  both  ends,  section 
uniform,  load  uniform,  the  dead  load  %o 
being  small  compared  with  the  rolling 
load  w\  and  the  greatest  stress  in  the 
middle, 

XYIIL  Beam  imperfectly  fixed  at  both  ends, 
section  uniform,  load  uniform,  the  dead 
load  w  being  considerable  compared 
with  the  rolling  load  w\  the  lesser  of 
the  two  following  factors  (see  p.  291), 

1 80.   StTCMgth  Mid  BHAicM  ef  «■  Arched  BIh 


Factoni 
1 

6' 
1^ 

8 
1^ 

4. 

to  +  5t(/ 
4w+12w? 

tg+3«/ 
4w7  +  8w^ 

tg  +  3tt/ 
8«7  +  4ii/ 


— ^Fig.  152  represents  an  arched  rib,  epriuging  from  a  pair  of 
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Fig;  163. 


abatmeniB,  and    sapposed  to   be  under  a  Tertical   IcmuL      Let 
BAGDB'    be   a 
dure      iiaYersLng 
the  centres  of  gra- 
vity of  all  the  cross- 
sections  of  the  rib : 
this  may  be  called 
the  na^vl  curve; 
and    it    represents 
the  figure  of  a  "  lin- 
ear arch,"  or  indo- 
finit^y  thin  rib,  -whose  conditions  of  equilibrium  are  the  same 
^tb  those  of  the  actual  arcL     Those  conditions  have  been  ex- 
plained in  Article  123,  Case  IL,  pp.  186, 187;  Article  124,  pp.  187, 
188;  Article  12$,  pp  188  to  191;  Article  128,  pp.  195  to  198; 
Articles  laO,  131,  and  132,  pp  199  to  203. 

When  a  vertical  load  is  distributed  over  the  arch,  agreeably  to 
the  conditions  of  equilibrium  of  the  neutral  curve,  each  particle  of 
the  arch  is  compressed,  in  a  direction  parallel  to  a  tangent  at  the 
nearest  point  of  the  neutral  curve;  and  but  for  the  circumstance 
to  be  slitol  presently,  that  compression  would  be  uniform  through- 
out eadi  cross-section  of  the  rib,  so  that  the  neutral  curve  would  be 
the  "  line  of  resistance." 

But  the  compression  depresses  the  whole  arch,  so  that  the 
Deutml  curve  assumes  some  new  figure,  such  as  B  a  c  c^  K,  in 
which  its  curvature  at  each  point  diners  from  the  original  curva- 
tnie;  and  hence,  even  under  a  load  distributed  as  for  an  equili- 
brated or  linear  arch,  there  is  a  bending  action  combined  with  the 
direct  compression.  When  the  distribution  of  the  load  differs 
from  that  suited  to  the  neutral  curve  as  a  linear  arch,  the  bending 
action  varies  in  its  amount  and  distribution. 

In  ei^er  case  the  arch  acts  in  the  double  capacity  of  a  rib  under 
direct  compression,  and  a  beam  imder  a  transverse  load ;  and  its 
stnin  and  stress  at  each  point  are  the  resultants  of  the  strains  and 
stresKS  arising  from  the  directly  compressive  action  of  the  load,  and 
from  its  bending  action. 

Probleic  First.      General   Caee, — In  solving  problems  which 
relate  to  this  subject,  it  us  in  general  most  convenient  to  measure 
eo-ordinates  from  a  point  such  as  O,  in  the  same  vertical  line  with 
one  end,  B,  of  tbe  neutnd  curve. 
C  being  any  point  in  the  curve,  let 

d;  =  O  E  be  its  horizontal  distance  from  O; 
y  s=  E  C  its  vertical  depth  below  O; 

Iet/=s  B  3'  te  ^^  i^P^^  ^^  ^^  neutral  curve,  and  k  its  rise. 
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,     Let  to  be  the  whole  mtensity  of  the  vertiGal  load,  whefther  oon- 
staiit  or  variable,  in  lb&  per  inch  of  horizontal  distance,  so  that 

/io  dxia  the  whole  load  on  the  arch. 
0 

The  load  to  dxon  each  small  portion  of  the  arch  may  be  con- 
ceived  to  consist  of  two  parts, 

w^  d  X,  producing  direct  compression  alone,  being  distriboted 
according  to  the  laws  of  the  equilibrium  of  a  linear  arch, — ^that  is, 

in  such  a  manner  that  t^^  =  H  -j^  (H  being  the  still   undeter- 
mined horizontal  thrust  of  the  arch),  and 

{w  —  w^dx=,(io  —  'K  j^  dx, (1.) 

producing  bending. 

Having  foimed  the  preceding  expression,  by  putting  for  w  and 

-,-^  their  proper  values,  proceed  as  follows : — 

The  vertical  component  of  the  shearing  force  at  any  point,  such 
as  C,  is  (see  p.  242)-— 

F=..-/;...+Hg|-^ m 

F0  being  the  still  undetennined  vertical  component  of  the  shear- 
ing force  at  B,  and  - ,  -     the  slope  of  the  neutral   curve  at  that 

a  Xq 

point 

The  bending  moment  at  0  is  (see  p.  243) — 


=  Mo+J*Fda;=:Mo  +  Foa5  — [   [  wdaf  — 


M0  being  the  still  undetermined  bending  m(Hnent  at  B. 

The  cUtercUion  ofcunxUvre  produced  in  ihe  neutral  curve  at  C  by 
the  bending  action  is  —  M  -^  E  I ,  the  negative  sign  being  prefixed 
to  denote  ^at  downward  curvature  is  to  be  considered  as  positive; 
and  the  aUeratian  o/dope  is  expressed  as  follows: — 

.      dv      .        r»  M        /  ,   ,  rf  V*    y 
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%Q  being  ihe  atUl  nndetermmed  alteration  of  the  slope  at  R 
The  Tertical  deflection  at  G  is  expressed  thus, — 


J  0 


dx. (5.) 

0 


The  bending  action  of  the  load  is  thns  expressed  by  the  foar 
eqoations,  2,  3,  4,  5,  containing  four  indeterminate  constants,  H, 
F^  M^  i^  If,  in  each  of  those  equations,  x  be  made  =  I,  ex- 
pressions are  obtained  applicable  to  the  further  end  of  the  span,  B^. 
These  ea^xresBions  may  be  denoted  by  F^,  Mp  1 1,  v^. 

Let  d8  =  C'D=zJda^  +  df/^  denote  the  length  of  an 
indefinitely  short  arc  of  the  neutral  curva  That  arc  is  not  altered 
in  length  by  the  bending  action  of  the  load;  but  it  is  altered  by 
the  dnect  compression  in  the  prc^rtion  given  by  the  following 
equation  >— 

H  — 

dt  dx  ,/.  V 

di=-Trr' ^''•> 

in  which  A  denotes  the  sectional  area  of  the  rib  at  C,  and  the 
oegiatiYe  sign  indicates  compression. 

To  find  the  combined  effect  of  the  bending  action  and  the  com- 
pressiTe  action  on  the  figure  of  the  neutral  curve,  proceed  as 
follows : — 

Let  u  denote  the  positive  horizontal  displacement  of  a  point  in 
it,  sach  as  C.  For  example,  0  D  being  the  original  position  of  an 
indefinitely  short  arc,  and  c  c^  its  altered  position,  let 

0E  =  «;  OV=sx  +  dx; 

EC  =  y;  YJ)=y  +  dy; 

0J}=zd8; 

Oe  =  x  +  u;  0/=zx  +  u  +  dx  +  du; 

ee=:tf  +  v;  /d=:y  +  v  +  dy  +  dvi 

edssda  +  dt. 

Then  from  the  two  equations, 

d8^  =  da?  +  dy^', 

(ds  +  d  <)«  =  {dx  +  duy,+  {dy  +  dvf; 

The  following  is  deduced : — 

2d8'dt+dfi=:2dx'du  +  du^  +  2dy'dv  +  dv^; 

and  fom  this  the  terms  d  fi^d  w*,  d  «*,  may  be  rejected,  as  inap- 
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preciabi  J  small  oompored  with  the  other  terms,  reduciDg  it  to  the 
following : — 

whence  is  obtained  the  following  expression  for  the  horizoTUal  dis- 
plaeemerU  ofD  reUUively  toO: — 

d^ 

For  d  t  put  its  value  according  to  equation  6,  and  make  -r~^  z=l  + 

~s,  and  c?v  =  tdfl9:  then 

du=z  —  =Fr-i .(1  +  j^)'  dx  —  i-j-^dx;  ...(7  a.) 
E  A  \       d  a^y  dx  ^ 

which  being  integrated,  gives  for  the  horizontal  displacement  of  C 
relatively  to  B  and  in  a  direction  away  from  it, 

»=-/:{kO+jS)'+'Ii}^-^ (-) 

an  expression  containing  the  same  four  indeterminate  constants 
that  have  already  been  mentioned;  and  if  as  be  made  ^  I,  there 
is  obtained  the  alteration  of  the  span  B  K,  which  may  be  denoted 
by  u^. 

If  the  abutments  are  absolutely  immoveable,  u^  =  0.  If  they 
yield,  u^  may  be  found  by  experiment.  Hence,  as  a  first  equation 
of  condition  for  finding  the  indeterminate  constants,  we  have 

t^  =:  0,  or  a  given  quantity. (9.) 

A  second  equation  of  condition  expresses  the  immobility  in  a 
veiidcal  direction  of  B',  the  further  end  of  the  rib,  and  is  as 
follows : — 

ri  =  0. (10.) 

The  ends  of  the  arched  rib  are  either  fixed  or  not  fixed  in 
direction.  In  the  former  case,  Iq  =  0  j  and  in  the  latter,  Mq  =  0; 
so  that  in  either  case,  the  number  of  indeterminate  constants  is 
reduced  to  three.  One  more  equation  of  condition  is  therefore 
required;  and  it  is  one  or  other  of  the  following : — 

1£  the  ends  are  fixed  in  direction,  t^  =  0; (11.) 

if  they  are  not  fixed  in  direction^  M^  s=  0 (11  jl) 
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The  yalues  of  the  three  constants  being  foond  by  elimination 
from  the  three  equations  of  condition,  are  to  be  introduced  into  the 
expresdons  for  ^e  moment  of  flexure  (3)  and  the  deflection  (^), 
whieli  wHl  now  become  formuln  for  calciilation. 

If  thrust  be  treated  as  positive,  and  tension  as  negative,  the 
greatest  intensity  of  stress  at  any  ^ven  crossHaection  is  to  be  com- 
puted by  the  formula, 

Pi  =  "~A~       ~I      ' ^    ^^ 

the  positive  or  negative  sign  being  used  according  as  the  moment 
M  acts  towards  or  firom  the  edge  of  the  rib  under  consideration, 
vhose  distance  from  the  neutral  curve  is  m!  h. 

From  the  expression  12  may  be  deduced  the  position  of  the 
point  vrbere  the  stress  is  greatest  for  a  given  arrangement  of  load, 
the  arrangement  of  load  which  makes  that  stress  an  absolute 
maiimom,  and  the  corresponding  value  of  the  stress. 

The  vertical  devuUion  of  the  UfM  of  resistance  from  the  neutral 
carve  at  any  point  is  given  by  the  expression 

M^H; (13.) 

and  its  perpendiculafr  or  normal  deviation  by  the  expression 

M-^H^; (U.) 

aad  these  deviations  take  place  in  the  direction  towards  which  M 
acta 

When  the  deflection  is  found  by  direct  experiment,  the  following 
foimola  may  be  used  to  compute  the  greatest  stress  from  it : — 

dx  _,4:^m'  hv  ,.^. 

1^1=  -5—=*=      n"^ — ' ^    ^^ 

the  second  term  being  similar  to  the  expression  in  Article  179  a, 
Pl296. 

The  preceding  is  a  general  method,  applicable  to  all  cases  in 
vhich  the  load  is  verti^  -The  following  particular  cases  are  the 
DMsfe  useful  in  practice : — 

Pbobleic  Second.  JRih  of  Uniform  Stiffness, — ^If  the  depth  and 
figure  of  the  cross-section  of  an  arched  rib  are  uniform,  and  its 
^>re&dth  is  at  each  point  proportional  to  the  secant  of  the  inclination 
of  the  rib  to  the  horizon  at  that  point;  that  iS|  to 
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^^-p^-")'-' <20-) 


Whence  we  1iat&— 


0 


8k 

12' 


(21.) 


We  further  find — 

being  in  this  caae  simply  proportional  to  the  (urea  of  d^edion, 
I    vdx. 

Let  the  rib  be  under  an  tinifonn  fixed  load,  Wq  lbs.  on  the 
horizontal  lineal  inch,  and  a  rolling  load  of  to  lbs.  on  the  horizontal 
lineal  inch ;  the  rolling  load,  covering  the  horizontal  length  r  /  of 
the  rib  at  the  end  furthest  from  the  origin  of  oo-ordinate%  leaves 
(1  — r)l  unloaded 

Then  equations  2,  3,  4,  and  5,  become  as  follows: — formal® 
relating  to  the  unloaded  division  being  denoted  bj  A,  and  those 
relating  to  the  loaded  division  by  B, — 

SHSARma  FoBOE, — 
(B.)         p  =  Fo+(^-«o)»-«{«-(l-r)?}; 

BSHDINa  MOMEMT, — 

(A.)  M  =  M,  +  Po«+(?-^-«o)J; 

'8*H  \a? 


(23.) 


(R) 


M 


=  Mo  +  Foa!+  {-^  -"oja — 
«/a!  — (1  — r)jl* 


.(34.) 


PABiBouo  am  nxxD  at  Bn>a 


SM 


AlXBBATIOH  OF  SlOFK, — 

(B.)   ^totlie&ctorinlmoket8add+^|a!— (1— r)A  j; 


(25.) 


(R)  Aoihefiu5torinbracketBadd+|^|«--(l--r)Zl*V 

The  equstionfli  of  condition  are  the  following :— - 
«i^  =  0  giree 


(26.) 


„      _  I      /8*H         \l^,u>r'P     - 


6 


(27.) 


^  s  0  gives 

~  T       ^6      Vn^ ^y  2l  ^  "24"        '  "^    '^ 

The  condition  that  the  abutments  are  immoveable,  or  u^^O, 

and  mnltipljing  both  sides  by  - — ^-jrj — -,  we  have 


~  e         34  "^  120  "^    120 


(■+' 


16A«\  ) 


3^;/ 


=  0. 


(29.) 


Br  elimination  between  the  three  equations  of  conditioD,  the 
followii^  reeultfl  are  obtained : — 

make  — 4~i2~-  [}  +  ~^)  =  ^» (^P) 
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then  the  horizontal  thnist  is 


H  =  g^j^^{«,  +  «(10r»-15r*  +  6f*)  }  (31.) 


the  bending  moment  at  the  unloaded  end, 

TIT        ^0^      B      .  ^^/a^j       ^^ 


1+B 


} 


.(sa) 


and  at  the  loaded  ^nd^ 

^1        12   'l  +  B^   12  I  ^^-ror- 

10  r8  —  15  r*  +  6  r« 


1  +  B 


} 


t 


(S3.) 


The  greatest  intensity  of  stress  occurs  at  the  loaded  end  of  the 
rib;  and  its  value  is,  £(>r  thrust; 


8r»  +  3r«)  — 


Zqhj 
l©,«_15r*  +  6r» 


1  +  B 


\Sqh      l)))' 


(34.) 


for  tension,  let  ^^  denote  the  stress,  and  q'  i^e  value  of  the  inctor 
q',  then 


+  vy 


^-Lf^i      TT^_    ^    f   top     /2B       1\ 


8  r»  +  3r*)-^ 


10  r*  —  15  r*  +  6  r« 


(3  g/i +  *))(. 


1  +  B 


(35.) 


Let  r^  denote  the  value  of  r  which  gives  the  absolute  THRTimnm 
of  thrust;  /^  that  which  gives  the  absolute  maximum  of  tension 
(if  any),  then 


PARABOLIC  RIB  TtlXS>  AT  DTDS. 


807 


2       1+B  2       1+B 


2k 
aad  tJioae  abeolate  maxima  are» 


2A 


thrust 


(2rI-2rJ+|r}} 


...(37.) 


♦      •w         P/w^/2B        l\,2w 
(2,'r-2,^?  +  Jr})} 


..(38.) 


Equation  37  serves  to  compute  the  proper  sectional  area  for  the 
nb,  when  its  depth  and  form  have  been  fixed  If  equation  38 
gives  a  negatiTe  result^  there  is  no  tension  at  anj  point  of  the 
Tih. 

The  vertioaL  component  of  the  shearing  force  at  the  unloaded 
end  is 


'•"ilT^B  +  'C^"-"- 


10  r«—  I5f*+Q 


1  +  B 


'^}:m 


and  this,  together  'with  the  proper  values  of  —  H^  and  of  H, 
being  substituted  in  equation  26^  enables  the  deflection  at  any 
poiot  to  be  computed 

When  qh  ^  k,  rf  h  ^  kf  and  B,  are  all  veoty  small  fractions  (as 
is  often  the  case),  toe  following  equations  aro  ntariy  true : — 


'*i  =  ''i  =  5' 


(36  A.) 


ft = 8-xj  *^«  Qfh-^i) + «•!»«  fk}  '■■■^''  ^> 

When,  on  the  contrary  (1  +  B)  •*-  f  1 ^ITJ  ^  ^^  ^  ^^ 

gnater  than  5-^2,  the  greatest  intensity  of  thrust  takes   place 
frhen  the  beam  is    loaded  along  its  whole  length;  and  -^hen 
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(1  +  B)  -;.  (l  +^Y^  is  «q™^l  to  or  greater  than  5  ^  2,  the 

greatest  intensiiy  of  tension  also  takes  place  vhen  the  beam  is 
loaded  along  ito  whole  lengthy  that  is  to  say,  r^  s  /^  =  1 ;  and 
then  we  have  the  following  equations : — 

^-8(r-FBy*' ^     ' 

_M,=-M,=^^+i^, (33a) 

The  effect  of  an  aiuxilian/  horizontal  girder,  made  fast  to  the 
arched  rib  at  its  crown,  will  be  considered  further  on  (pp.  313,  314). 

Pboblem  Fifth.  In  the  same  case,  tohm  the  AbiUments  yield  to 
the  thrust  90  as  to  enlarge  the  sipam,  to  the  extent  ^  =:  a  H;  it  is  only 
necessary  to  make,  throughout  the  formula  of  Problem  Fourth, 

Problem  Sixth.  Parabolic  Rib  of  equal  ttiffinesa,  supported  at  the 
ends,  but  notjiooed, — The  formuke  of  Problem  Fourth  are  applicable  to 
this  case,  with  the  modifications,  that  M^  and  Mj  are  each  =  0,  and 
that  t0  becomes  an  indeterminate  constant.  Hence  the  following 
results,  in  which  the  terms  enclosed  in  square  brackets,  [  \  have 
reference  to  the  loaded  division  of  the  rib  only : — 

F  =  Fo+  (i^ _«,,)«:_[«,{  «_(l_r)Z  }];  (41.) 


,,      _       ,  /8*H  \  a»       r 


(m 
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809 


6 


_[|{«_0_.),}^J; 


(43.) 


1  (^a^./SAH         \ 


(44.) 


tndw^saH  daitoting  the  enlargement  of  the  apan,  asm  FtoUem 
Fifth,  we  have, — 

°=-  (^+ 3^+— r- j  E  a:,+  i«7/^*'  •••(*^> 

vbichy  being  moltiplied  by  g  m'  A'  E  Aj  -t-  8  Jb,  and  proper  sabstitii- 
taoDB  made,  gives  the  following  equation  of  condition : — 


2  24  "^120"**    120 


-='{b+^-( 


16^     aEA 


1^); 


...(46.; 


The  other  two  equations  of  condition  are  as  follows : — 
0  = J — *-*=gm^BAjt^ ^^.-^_- 

■*"    24  3    ' 


(47.) 


(48.) 


Equations  46  and  47  give,  hj  eliminating  t^,  and  dividing  by  P, 
the  following; — 


Wt^l  .    V)l 


Is — 4iFv^  3"^ +""/—;/' 


...(49.) 
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and  eUminating  F^  between  this  equatiou  and  4:8,  we  obtain  the 
following : — 

»=-T'-To(»''-"'+»'')+T 


{l+^'('+¥+^)}^  J 


...(50.) 


whencQ,  using  the  following  abbreviation, — 

we  have  lihe  following  yalnes  of  tbe  horizontal  thmst,  and  of  tbe 
other  oonstaats, — 


p 


«0  = 


24ym'A«EAitn-C^"'V^'^ 
5r»  — 5r«  +  3r»> 


2(1  +  0) 


)}■ 


(54.) 


The  shearing  /oTrce  a4  the  loaded  eifkd  qf  tlis  rib  Ib  (with  the  lagn 
reversed)— 


P=3  — Fi=r--PA  +  Wo^  +  wri— — 


8*H 


I 


^^  +  ^^^2r^^-^J^ 


-ArfoM"-"- 


(35.) 


5r»  — 6r«-f  2t* 


2(1 +C) 


^}- 


To  avoid  negative  signs  in  what  follows,  this  is  denoted  9S  above 
by  P. 

The  greatest  bending  moment  occurs  at  a  point  whose  horizontal 
distance  from  the  loaded  end  of  the  rib  is 


l  —  x 


Wa  +  W  — 


8A;H; (56.) 
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aiMl  tbe  valae  of  tliat  greatest  bending  moment  ia 

Pg-«)  F*  _ 

2    "   -„.      .     ,      WrS; (57.) 

giTmg^  for  tbe  greatert  sbnea,  a  tiinurt  whoae  intensity  is 

1   /M' 


''^=-at(p+h>    •• W 


To  find  how  mncli  of  the  span  of  the  rib  must  be  loaded,  in  order 
to  make  this  stress  an  absolute  maximum,  and  what  that  maximum 
id,  tbe  valae  of  r  is  to  be  deduced  irom  the  equation 

^  =  0. (59.) 

This  equation  is  of  the  fourteenth  order.  One  of  its  roots  is 
r  =  1,  'which  in  most  cases  gives  a  minimum  value  of  p^  Dividing 
the  equation,  therefore,  by  1  —  r  =  0,  it  is  reduced  to  the  thirteenth 
order;  but  it  is  still  too  complex  to  be  employed  as  a  formula  for 
practical  use. 

It  appears,  however,  by  trial,  that  with  those  proportions  which 
are  common  in  prcustice,  a  do$e  approximation  to  the  absolute  maxi- 
mum value  of  the  stress  Pi  is  formed  by  assuming  one  half  qf 
tberib  to  be  loaded;  that  is — 

r=\ (60.) 

By  introdncing  this  value  of  r  into  the  preceding  formulie,  we 
obtoiin  the  following  results : — 


*'*"~24^w»' 


8T(f+^)(''»  +  l)' (^2  A.) 

Th^EA^'  { v'o + f)  r-Fo  -  S  }  5  •  •  (^^  ^0 

■ 
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To  illustrate  this  by  a  numerical  ezompley  let  the  following  data 
be  assumed : — 

111  1 

9  =  s  (this  value  requires  an  I-shaped  section  to  realize  i^ 

a  =  0;  (that  is,  let  the  abutments  be  immoveable).  ^ 
Then, 

C  =  g^  X  jj  =  013  nearly. 

Also,  let  the  intensity  of  the  rolling  load  be  equal  to  that  of  the 
lead  load,  or  to  =  tOg.     Then 

.    H  =  148^to; 

l  —  xs=0'26lto; 
W  =  0-0169  P  v>; 

(being  less  than  the  bending  moment  due  to  a  load  of  the  intensity 
w  over  the  whole  span,  in  the  ratio  of  0*135  to  1). 

f.=i.(f»+=)=^H+'«)=»"sr 

Problem  Seventh.  To  find  the  greatest  De/lecHon  of  an  Arched 
Bib,  the  greatest  value  of  v  is  to  be  taken  which  corresponds  to 
t  =  0.  It  can  be  deduced  from  equations  25  and  26  of  Problem 
Fifth,  and  43  and  44  of  Problem  Sixth,  that  in  all  ordinaiy  cases 
to  which  those  problems  relate,  the  absolute  maximum  deflection 
occurs  in  the  middle  of  the  rib,  when  it  is  loaded  over  its  whole 
length;  that  is,  when 
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I 


Then  id  a  rib  of  nnifonn  stif&iefB,  fixed  in  direction  at  the  ends, 


„_P(tg+  igp).       _l{w  +  Wq)  B, 
8*(1  +  By'^""    2(1  +  B)' 

-Mo--Mi^    12(1  +  B)'' 


and 


9ss 


....  (61.) 


384  qm'h^E  A^  (1  +  B)' 
In  a  Ti1>  of  unifonn  stdffiiess,  noifiaosd  in  dMredlMn  al  the  ends,  we 


«o  = 


8^(1  +  C)'     •""    2(1  +  C)   ' 
/»(«;  +  tgo)C 


+ 
and 


V  s= 


.(62.) 


24yj»'A2EAi(l  +  C)' 

5  /*  (to  -H  Wq)  0 
384^i»'A*EAi(l  +  Cy 

In  comparing  these  forxnulaB  with  equation  12,  of  Article  169,  jl 

2T3y  for  the  deflection  of  straight  beams  under  anj  load,  it  is  to  be 

^oeerved  tfaat  the  total  load  in  the  present  problem  is  /  (i^  +  ii''o)> 

^tP^3Si  =  €^  -f.   4:8,  and  that  ^  m'  A<  A^  =  I.     Hence  it 

ttppean  that  the  deflection  of  an  arched  rib  of  uniform  stiffness 

under  an  onifonnlv  distributed  load,  is  less  than  that  of  a  straight 

t>cuQ  irhoee  section  has   t<he  same  moment  of  inertia  with  that  of 

Marched  rib  at  it»  cro-^n,  in  the  ratio  of 

B:l  +  Bif  the  ends  are  fixed  in  direction  (see  pp.  305,  308). 
C:  1  +  Cif  the  ends  are  merely  supported  (see  p.  310). 


Pbobum  Eighth.        Arched  Rib  of  uniform  stiffness  faced  in 
Mmat  the  ends,  arui  ^  <Uthei^oumtoa  h^^ 
In  k  153  let  B  B'  »»  before  be  the  arched  nb,  and  £  A  E  the 
beam.     Xn 


the  spandrils  of  tihe 
tdnnyertical  struts 
vliich  transmit  tbo 
vertical  load  to  the 
carved  rib,  and  cause 
the  vertical  compon- 
eutaof  the  deflection- 


Fig.  163. 
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of  the  straight  and  arched  beams  to  be  the  same  at  oorresponding 
points. 

The  effect  of  these  struts  is  taken  into  account  by  making  the 
total  moment  of  inertia  of  the  cross-section^  in  the  formiuae  of 
Problem  Fourth,  viz. : — 

indvde  the  moment  of  inertia  of  the  straight  beam;  but  the  area 
A.  is  still  to  be  that  of  the  wrched  beam  wdy. 

Let  the  curved  and  straight  beams  be  so  firmly  connected  at  the 
crown  (A,  fig.  153),  that  their  IionzontcU  displaom&fU  u  is  the  same 
at  that  point;  and  let  the  horizontal  beam  cibiU  at  its  ends, 
E,  E',  either  against  the  piers,  or  against  some  other  part  of  the 
superstructure,  so  as  to  be  capable  of  resisting  a  thrust  Then  the 
horizontal  thrust  is  no  longer  necessarily  the  same  in  the  t^iro 
divisions  of  the  arched  rib,  A  B,  AH;  but  when  one  of  those 
divisions  (as  A  B')  is  more  heavily  loaded  than  the  other,  the 
horizontal  thrust  in  the  more  loaded  division  is  greater  than  in  the 
less  loaded  division,  the  excess  being  resisted  by  that  part  of  the 
horizontal  beam  (A  E)  which  is  above  the  less  loaded  division. 

It  is  unnecessary  to  give  here  the  complete  detailed  investigation 
of  this  case,  or  to  do  more  than  to  state  the  most  important  result 
of  that  investigation,  viz. : — ^that  with  the  dimensions  and  under 
the  circumstances  that  .usually  occur  in  practice,  the  effect  of  the 
resistance  of  the  horizontal  beam  to  a  longitudinal  thi*ust  is  to 
make  the  greatest  intensity  of  stress  in  the  arche4  rib  under  every 
partial  load  either  less  than,  or  not  appreciably  greater  than,  ttie 
greatest  intensity  of  stress  under  a  complete  load,  which  thus 
becomes  the  absolute  maicimum  of  stress  in  the  arched  rib,  and  ia 
given  by  equation  37  B  for  thrust,  and  by  equation  38  b  for  tension, 
p.  308. 

The  greatest  intensity  of  stress  in  the  horizontal  beam  may  be 
found  approximately  as  follows,  when  its  cross-section  is  nearly 
similar  above  and  below : — Let  h'  denote  its  depth.  A'  its  sectional 
area,  —  M^  the  greatest  moment  of  flexure  as  computed  by  equation 
33  B,  p.  308,  H  the  horizontal  thrust  as  computed  by  equation  31  b, 
p.  308. 

Then  for  thrust, — 


and  for  tension — 


^i  =  2ET  +  Ar+A-' ^^^^ 


^  1    2ET <^*-) 
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CHAPTKR  IL 

OF  EAKTHWOBK. 

Saonoir  l,^Sir6nffih  ami  Stabilify  ofEaiHkwork  in  Gemral 


■■■■■■iM — £arthirork  is  of  two  kinds-^-excavstiony  or  catting, 
ind  fiDiiig,  or  embankment  The  term  "  wrtkvxrk^  in  its  widest 
aenae^  eompTebends  exoavation  in  rock,  as  well  as  in  the  looser 
mat<»rials  of  the  earth's  croat 

Earthwork  gives  way  by  the  dippmg  or  sliding  of  its  parts  on 
eadi  other;  and  its  stai>iUty  arises  from  resistance  to  the  tendency 

so  to  8^ 

In  solid  rocky  that  remstance  arises  from  the  elastic  streas  of  the 
naicrial,  when  subjected  to  a  sliearing  force;  but  in  a  mass  of 
euik^  as  commonly  understood,  it  arises  partly  from  the  friction 
l«tween  the  gndns,  and  partly  from  their  mutual  adhesion ;  which 
Latter  force  is  considerable  in  some  kinds  of  earth,  such  as  clay, 
eafsecially  when  moist 

But  the  adhesion  of  earth  is  gradually  destroyed  by  the  action  of 
air  and  moisture,  llnd  of  the  changes  of  the  weather,  and  especially 
\fj  alternate  frost  and  thaw ;  so  tbat  its  friction  is  the  only  force 
which  can  be  relied  upon  to  produce  permanent  stability. 

The  tempomry  additional  stability,  however,  which  is  produced 
by  adhesion,  is  useful  in  the  execution  of  earthwork,  by  enabling 
the  side  of  a  cutting  to  stand  for  a  time  with  a  vertical  face  for  a 
certain  depth  below  its  upper  edge.  That  depth  is  greater  the 
greater  the  adhesion  of  the  earth  as  compared  with  its  heaviness ; 
it  is  increased  by  a  moderate  degree  of  moisture,  but  diminished  by 
excesBiTe  wetness. 

The  following  are  some  of  its  values : — 

Graitat  depth  of 
Earth.  temporaiy 

dean  dry  flftnd  and  gravel, , 0 

Moist  SBLnd,  and  ordinaiy  sur&ce  mould,  from    3  to    6  fbet 
CI&Y  (ordinary), from  10  to  16  feet 

One  d  the  effeote  of  the  temporary  stability  due  to  adhesion  is 
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seen  in  the  figure  of  the  surface  left  after  a  ^'slip**  has  takei 
place  in  earthwork.     That  surface  is  not  an  uniform  slope,  inclinet 
at  the  angle  of  repose,  but  is  concave  in  its  vertical  section,  being 
vertical  at  its  upper  edge,  and  becoming  less  and  less  steep  down- 
wards.    It  is  not  capable,  however,  of  preserving  that  figure ;  foi- 
the  action  of  the  weather,  by  gradually  destroying  the  adhesion  oi' 
the  earth,  causes  the  steep  upper  part  of  the  concave  &ce  to  crambki 
down,  so  that  the  whole  tendiB  to  assume  an  uniform  slope  in  the 
end. 

The  permemerU  tiabUUy  of  earth,  which  is  due  to  friction  alone, 
is  sufficient  to  maintain  the  side  either  of  an  embankment  or  of  a 
cutting  at  an  uniform  slope,  whose  inclination  to  the  horLaon  is  the 
angle  ofrepoaej  or  angle  whose  tangent  is  the  co-efficient  qfJricUon, 
This  is  called  the  natural  dope  of  Uie  eartL  The  customary  mode 
of  describing  the  slope  of  earthwork  is  to  state  the  ratio  of  its 
horizontal  breadth  to  its  vertical  height,  which  is  the  reciprocal  of 
the  tangent  of  the  inclination. 

Values  of  the  angle  of  repose  (9)  and  co-efficient  of  friction  {J')^ 
and  its  reciprocal  (1  -r-f)^  for  various  substances,  have  already  been 
given  in  Article  110,  p.  172;  but  for  the  sake  of  convenienoey  those 
which  refer  to  the  friotional  stability  of  earth  are  here  repeated, 
with  a  few  additions : — 


EARTH. 


Dry  Bind,  clay,  and    mixed  f  ftt>m 

earth, \    to 

Damp  clay, ; 

Wtcl.y, i^ 

Shingla  and  gnvd, •['^ 

P«^ H 


Anffle 
9 


45** 
17« 
14<» 

46« 
14° 


Oo-efBdent 
of 

FHcaoD. 


0-76 

0-88 

1-00 

0-81 

0-25 

111 

0-70 

10 

0-26 


dedcnatkm  of 

Natural  Slope: 

1  -r-fto  1. 


1-83  to  1 
8*68  to  1 

1  tol 
8-23  to  1 

4toI 
0-9  to  1 
1-48  to  1 

Itol 

4tol 


The  most  frequent  slopes  of  earthwork  are  those  called  1^  to  1, 
and  2  to  1 ;  corresponding  respectively  to  the  co-efficients  of  friction 
0'67  and  0*5,  and  to  the  angles  of  repose  33^^  and  26^^,  nearly. 

The  presence  of  moisture  in  earth  to  an  extent  just  sufficient  to 
expel  the  air  from  its  crevices,  seems  to  increase  its  co-efficient  of 
friction  slightly ;  but  any  additional  moisture  acts  like  an  unguent 
in  /^imifiighiTior  fnction,  and  tends  to  reduce  the  earth  to  a  semi* 
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Svid  condition,  or  to  the  state  of  mud  In  this  state,  altboagb  it 
bas  aome  ooheaion,  or  viscidity,  which  resists  rapid  alteration  of 
form,  it  lias  no  frictional  stability ;  and  its  oo-efficient  of  friction, 
and  angle  of  repose,  are  each  (tf  ^em  nnlL 

HeiMse  it  is  obvious  that  the  frictional  stability  of  earth  depends 
to  a  great  extent  on  the  ease  with  which  the  water  that  it  occasionaUy 
absorbs  can  be  drained  away.  The  safest  materiab  for  earthwork 
ire  ahiven  of  rock,  shingle,  gravel,  and  clean  sharp  sand,  whether 
o)Qsdjstuig  wholly  of  small  hard  crystals,  or  containing  a  mixture  of 
fragments  of  shells;  for  those  materials  allow  water  to  pass  through, 
vitfaout  retaining  more  of  it  than  is  beneficial.  The  cleanest  sand, 
kowever,  may  be  made  completely  nnstable,  and  reduced  to  th^ 
state  of  ^^qmcksand,"  if  it  is  contained  in  a  basin  of  water-holding 
materials,  so  that  water  mixed  amongst  its  particles  cannot  he 
drained  oS, 

The  property  of  retaining  water,  and  forming  a  paste  with  it, 
belong  specially  to  clay,  and  to  earths  of  which  clay  is  an  ingredient. 
Such  earths,  how  hard  and  firm  soever  they  may  be,  when  first 
excavated,  are  gradually  softened,  and  have  both  their  frictional 
stability  and  their  adhesion  diminished  by  exposure  to  the  air.  In 
this  reelect,  mixtures  of  sand  and  clay  are  the  worst  j  for  the  sand 
&voarB  the  access  of  water,  and  the  clay  prevents  its  escape. 

The  properties  of  earth  with  respect  to  adhesion  and  Action  are 
so  variable,  that  the  engineer  should  never  trust  to  tables  or  to 
infonnation  obtained  from  books  to  guide  him  in  designing  earth- 
works, when  he  has  it  in  his  power  to  obtain  the  necessary  data 
either  by  observation  of  existing  earthworks  in  the  same  stratum, 
or  by  experiment. 

The  following  axe  the  weights  of  a  cubic  foot  and  of  a  cubic 
yard  of  the  oirdinary  materiab  of  earthwork : — 

Cable  Foot.  Cubio  Yard. 

Chalk, from  117  to  174 lbs.  from  3160  to  4730  lbs. 

Clay,  „     120  to  135  „  „  3240  to  3645    „ 

Gravel  and  Shingle,....  „      90  to  no  „  „  2430  to  2970    „ 

Marl, „     100  to  119  „  „  2700  to  3310    „ 

Mud, 102  „  „  2750 

S«id,dry, 89  „  „  2400 

»     <Janip, 118  „  „  2190 

Shale, 162  „  „  4370 


>9 
99 
99 


182.  mmm  mt  B«cli-CMite9k — ^When  rock  is  firm  and  sound,  so 
that  the  permanence  of  its  cohesion  may  be  depended  upon,  the 
aides  of  excavations  in  it  may  be  made  vertical,  or  nearly  so. 

How  &r  the  cohesion  of  the  rock  is  to  be  depended  upon,  is  a 
qnestioo  to  be  solved  rather  by  observation  of  the  rock  in  each 
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particular  case,  than  by  any  general  principles  haTing  r^ard  to  it 
geological  position,  mineralogical  character,  or  chemical  com 
position;  for  the  geological  position  is  fixed  by  the  or^gani^ 
i^maius  imbedded  in  the  rock;  and  these  ha^e  no  connection  witi 
its  mechanical  properties;  and  rocks  composed  of  the  same  species 
of  minerals,  and  the  same  chemical  constituents  in  the  same  ol 
nearly  the  same  proportions,  show  great  differences  in  strength  and 
durability. 

It  may  be  observed,  however,  that   the  cohedon  of   igneous 
and  metamorphic  rocks,  such  as  granite,  syenite,  trap,  gneiaa,  mica* 
slate,  marble,  quarts-rock^  ifea,  may  .in  general  be  trusted,  unless 
they    are    much    fissured,    or  contain    potash-felspar,    in   'which 
cas^  a  sufficient   slope  must  be  given,  to   prevent    fVagments 
from  falling  into    the    cutting  so  as  to  do  damage.        Of  the 
sedimentary  rocks,  those  which  contain  much  clay,  such  as  ahale, 
are  to  be  treated  with  caution,  how  hard  soever  they  maj  be 
when  first  cut ;  for  they  are  liable  to  soften  by  the  action  <^  the 
weather.     Sandstone  and  limestone,  whether  compact  or  granular, 
if  fit  for  building  purposes,  will  stand  with  vertical  or   nearly 
vertical  faces;  biit  those  materials  exist  of  every  degree  of  hard- 
ness, from  that  of  rock,  properly  speaking,  to  that  of  ^urth.     Sand- 
stone is  met  with  which  crumbles  in  the  hand,  and  requires  slopes 
of  from  1  to  1  to  1^  to  1 ;  and  chalk,  according  to  its  degree  of 
hardness  and  soundness,  stands  at  slopes  varying  from  ^  to  1  to  1 4 
to  1. 

The  stability  of  sedimentary  rocks  in  the  side  of  a  cutting  is 
greater  when  the  beds  are  horizontal,  or  dip  away  from  the  cutting, 
than  when  they  dip  towards  it. 

183.  Thtmrf  mt  the  Stability  aa4  Piiamti  eT  I<#Me  Bwth.     (J. 

M.,  194  to  198.) — The  stress  exerted  in  different  directions  thiongh 
a  given  particle  in  a  mass  of  earth  is  subject  to  the  general 
principles  which  govern  the  compound  internal  sti-ess  of  solids^  as 
lOready  stated  in  Article  108,  pp.  166  to  170. 

It  is  also  subject,  when  friction  alone  is  the  cause  of  stability;  to 
the  limiicUion  expressed  by  the  following  principle : — 

I.    Ctoaernl    Principle    •€  the    StmMlltr  mf  Ii«Me    Barth. — It   is 
Tiecessary  to  tJie  stability  of  a  granvla/r  mass,  that  tJhS  direction  of 
the  pressure  hettoeen  the  portions  into  tohieh  it  is  divided  by  any 
plane  should  notf  aJt  any  point,  make  icitfi,  the  normal  to  that  plane  an 
angle  grealer  than  the  angle  of  repose. 

The  plane  in  any  mass  on  which  the  obliquity  of  the  pressure  is 
greatest,  is  perpendicular  to  the  plane  which  contains  the  axes  of 
greatest  and  least  pressure. 

Eeferring  to  ^g,  85,  p.  168,  and  to  the  description  of  that  figure 
in  pp.  168,  169,  it  is  evident  that  the  above  principle  ia  equivalent 
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io  stetiDg  that  tlie  giieaiest  Tflhie  of  the  angle  of  obliquity  .«£^N  O  R 

or  nr  in  that  figure  shall  not  exceed  9,  the  angle  of  repose  of  the 
earth  in  question.  y^ 

The  greatest  value  of  nr  obviouslj  occurs  when  0  B  is  perpen- 
dicolar  to  P  Q,  and  is  given  by  the  following  equation : — 

A  .MR  .    o,  —  pq 

max  nr  =  arc  sin .  ^^s?  =  aw  Bm ^*   .  ^': 

OM  P1+P2 

and  this  angle  must  not  exceed  the  angle  of  repose ;  whence  the 
oonditkHi  of  stability  of  the  earth  is  expressed  as  follows  : — 


MR__;>i— ^g 


or 


0M~ 

ft 

+  ft 

d^.   OXU    ^y 

»« 

foUoivB : — 

ft 

^ 

1  — 
1  + 

sin  0 

sin  ^' 

.(1.) 


(lA.) 

iFbkh  last  equation  gives  the  lectst  intensity  of  pressure  p^  in  a 
givBn  direction,  that  is  consistent  with  the  repose  of  earth  through 
which  a  pressure  of  a  given  intensity  p^  acts  at  right  angles  to  the 
first  mentioned  direction,  and  serves  to  determine  the  least 
mtenaify  of  horizontal  pressui'e  which  will  maintain  the  stability 
of  a  mass  of  earth  through  which  a  vertical  pressure  of  a  given 
iatensity  acts. 

XL  Cm^m^am  Tv€.ttmw€»  ta  VaMhir— But  it  is  necessary  in  some 
cases  to  determine  the  limiting  ratio  of  the  intensities  of  a  ]>air 
of  amjuffoie  pretsures  in  a  mass  of  earth,  which  may  or  may  not 
le  at  li^t  angles  to  each  other;  and  that  problem  is  solved  by  the 
following  geometrical  construction,  easily  deduced  from  Proposition 
IV.  of  Article  108,  p.  16a 

In  fig.  154,  let  C  represent  a  section  of  a  prismatic  particle  of 
earth,  made  by  the  plane  of  greatest  and  least  pres- 
sores.  Let  that  particle  be  a  rhombic  prism,  on 
vhoee  fitces  the  pressures  are  **conjugaie;**  that  is 
to  say,  let  the  pressures  on  the  faces  which  are 
parallel  to  D  Q,  act  parallel  to  E  F;  while  the 
prettores  on  the  &ceB  which  are  parall^  to  E  F  act 
parallel  to  D  G. 

let  p  he  the  iatensity  of  the  pressure  parallel  to 
B  G,  and  p'  that  of  the  less  pressure  parallel  to  E  F, 
each  estimated  per  unit  of  cvrea  of  tlie  plane  io  which 
^  u  oov^gate.    Let  '  be  the  angle  of  obliquity  of  the  prism  C; 
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that  is,  the  differeuoe  between  each  of  its  angles  and  a  Tight 
angle.  This  angle  must  not  exceed  0,  the  angle  of  repoee  of  the 
eaiiih. 

Then  the  intensities  of  the  conjugate  [nressures,  per  unU  of  arta 
(^  fjlcmaa  perpendiouJ^  to  tlieir  directuma,  are  respectivelj, — 


cos  0       ^  COS 


and 


In  fig.  155,firomone  point  0^  draw  two  straight  lines,  OMXand 

O  R,  making  with  each  other  the 
angle  M  O  R  =  ^,  the  angle  of  repose. 
About  any  convenient  point  M  in 
one  of  those  straight  lines,  deacribe 
a  semicircle  Y  R  X,  touching  the 
"W^x  other  straight  line  in  R.  (Hiis  mar 
^'  be  done  by  describing  the  dotted  semi- 

circle M  R  O,  so  as  to  find  the  point  R) 

Through  O  draw  the  straight  line  OQP,  making  the  angle 
M  O  P  =  ^,  the  obliqiiity  of  the  conjugate  pressures,  and  catting 
the  semicircle  Y  R  X  in  P  and  Q.  Then  the  limits  of  the  ratio  of 
the  intensities  of  the  conjugate  pressures  are 

that  is  to  say,  in  algebraical  symbols, 

J^  ^l^  *      *!.       ^P      COB^+   J(C0S«^-C08«^)       ,^. 

<  cannot  be  greater  than  ^^r-^=  — ;: — -^) — ,- ^(,    (2.) 

p  ^  OQ    costf-  ^(co8*^-coB*^y    ^    ^ 

nor  less  than.  ^ - ^^- Ji^^^-^^^l  /o .  x 

nor  less  than. OP~costf+  ^(oos^^-coa^^y  ^^^> 

beiug  the  solution  of  the  problem. 

The  following  are  the  extreme  cases  of  the  problem : — 

When  the  prism  C  is  rectangular,  and  the  conjugate  presBuree 

perpendicular  to  each  other,  we  have  4^0;  O  Q  P  coincides  with 

O  Y  X,  and  consequently 

P'  xt.  .,,       OXl  +  sin^  ,-.. 

-  cannot  be  greater  than  77^»  =  i : — r, (3.) 

p  ^  OY    l-sm^  ^  ' 

nor  less  than /t^  =  i ^-i^: (3  a.) 

OX     l+sm^         ^      ' 

When  the  obliquity  of  the  prism  C  is  the  greatest  poBslbl^  bo 
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titfii  1=$,  the  pointB  P  and  Q  ooalesoe  in  R,  and  the  two  limits  of 
the  imtio  of  the  oonjngate  predBores  become  each  equal  to  imity, 
goring  the  single  equation, 

P'-P  (4.) 


ILL  FHMM>  te  «  HsM  mf  BMftli  with  na  aaltailMdl  pbM  i 

MMihiJu — In  fig.  154,  p.  3l9y  let  A  B  represent  part  of  the  indefinitely 
eztemded  pkuae  upper  surfsice  of  a  mass  of  earth,  either  horizontal, 
or  sloping  at  any  given  angle  4  not  exceeding  the  angle  of  repose  C. 
GoDcdve  the  whole  mass  to  be  diyided  into  layers,  such  as  £  F, 
parallel  to  A  B.  The  condition  of  all  particles,  such  as  C,  into 
which  one  of  those  layers,  as  E  F,  can  be  divided  by  vertical 
jdaoea,  must  be  similar;  whence  it  foUows  that  the  pressure  exerted 
at  any  vertical  plane  is  parallel  to  the  surface  A  B,  and  the  pressure 
at  any  sui&oe  parallel  to  A  B  is  vertical  The  particle  C,  formed 
by  the  inteiBection  of  the  vertical  column  D  G  with  the  layer  E  F, 
IB  bounded  by  conjugate  planes;  and  the  conjugate  pressures 
acting  through  it  are  respectively  vertical,  and  parallel  to  the 
laver. 

The  vertical  pressure  p  is  due  to  the  weight  of  the  column  of 
eartli  D  C  which  rests  on  the  particle.  Let  a;  =  D  C  be  its  depth, 
and  w  the  weight  of  an  unit  of  its  volume ;  then 

p^w a^'coB  i, (5.) 

The  pressure  along  the  steepest  slope  of  the  layer  E  F,  which  is 
exerted  through  the  vertical  faces  of  the  prism  C,  will,  if  the  earth 
is  laid  down  in  layers,  be  of  the  leaat  intensity  sufficient  to  preserve 
the  repose  of  the  earth,  as  given  by  combining  equation  2  a  with 
equation  5;  that  is  to  say. 


p  =  w  X' 


,   cos  ^— ^  (cos' ^— cos*  ^)  ,c\ 

cos  $  ' . — ?^. ; — ^-j- 5-( (6.) 

cos  B-{-  J  (cos*  f  —  cos*  ^)  ^    ' 


To  represent  these  results  graphically,  construct  fig.  155  as 
aheady  described,  with  O  M  A  horizontal,  O  R  inclined  at  the 
"  natural  slope,"  and  O  Q  P  inclined  at  the  actual  slope, — that  is, 
parallel  to  the  steepest  slope  of  the  plane  A  B.  From  P  draw  the 
stEaight  line  P  W  perpendicular  to  0  P,  cutting  O  X  in  W. 

Then 

O  W  :0P  :0Q  :  :«?»  :p  :y (7.) 

Tie  extreme  cases  are  as  follows : — 

When  the  tipper  surface  of  the  earth  is  horizontal,  W  and  P  both 
anncide  with  i,  and  Q  with  Y;  so  that, 

T 
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O  X  :  O  Y  :  :%vx  =  p:p;  and  p'=  w  x  '  i -. .  (8-^ 

When  the  upper  mir&uce  of  the  earth  slopes  at  the  angle  of 
repoBe,  P  and  Q  coincide  with  R,  and  W  with  M  ;  ao  that 

OM  lOB,  :  :v>x  :p'  =:^  p;  and p*  =  p  =  w « cob  ^.  (9.) 

There  is  a  third  conjugate  pressure,  exerted  horiatHitally  ^roag^h 
the  particle  C,  in  a  direction  perpendicnlar  to  the  Tertiesd  plane  of 
steepest  slope.  Its  intensity  is  represented  in  fig.  155  by  O  Y,  and 
is  given  by  the  following  equation : — 


-_     iox'cos^(l-sia(P)    ,  ,,^. 

^   "cos  ^4-   ^(00S2^-008«<P)' ^         ' 


and  in  the  two  extreme  cases  it  takes  Hxe  following  yaliiea : — For 
a  horizontal  upper  suiface,  or  4  =  0, 

p^^p'^wx  = .— ^ (11.) 

'^     ^  l+sin^  ^      ^ 

For  the  natural  slope,  or  4  =  ^^ 

p-=wa:(l— sin^). (12.) 

The  intensity  of  the  greatest  pressure  exerted  through  a  given 
particle  of  earth  is  represented  by  0  X,  and  given  by  the  following 
fonnula : — 


tt?  ar 'COS  ^(1 -fain  0) 
^^    cos  ^  +  ^  (cos*  ^ - cofi2 f y ^     ** 


The  direction  of  the  axis  of  greatest  pressure  is  at  right  angles  to^ 
and  conjugate  to,  a  plane  bisecting  the  angle  which  a  radius  drawn 
from  C  to  Q  makes  with  the  horizon;  that  is  to  say,  the  inclination 
of  that  axis  to  the  horizon  is  given  by  the  fo];mu]a, — 

yP:=.\(4-¥  180*  -  arc  •  sin 5?L^ (U.) 

The  extreme  cases  are, 

When  the  upper  surface  is  horirontal,  or  ^  =  0; 

p^  =  iD  x;  V^  =  90°  (or  the  axis  is  vertical).  (15.) 

When  0  —  <p; 

Pi  =  toic(l+sin^);  y^  ^  — 2~' ^^^'^ 
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c. — In  Gg.  156,  let 


Fig.  1 56. 


or  the  axis  of  greatest  pressure  bisects  the  angle  between  the  slope 
and  the  vertical. 

The  axis  of  least  pressure  in  the  plane  of  gitjatest  slope  is  pei^ 
pendicnlar  to  that  of  greatest  pressure,  and  the  intensity  of  the 
least  pressure,  being  represented  by  O  Y,  has  already  been  given 
iu  eqaation  1 0. 

lY.  PuMiii  •r  Bwth  ■salaai  m  rwOemt 
0  X  lef^resent  a  vertical  plane  in,  or  in 
contact  with,  a  mass  of  earth,  whose  upper 
sarface  Y  0  Y  is  either  horizontal  or  in- 
clined at  any  angle  ^,  and  is  cut  by  the 
Vertical  plane  in  a  direction  perpendicular 
to  that  of  steepest  declivity.    It  is  required 
to  find  the  pressure  exerted  by  the  earth 
against  that  vertical   plane  per  unit  of 
^tt^ndih^  from  O  down  to  X,  at  a  depth 
0  X  =  d?  beneath  the  surface^  and  the  direction  and  position  of  the 
n^nltant  of  that  pressure. 

T}ie  direction  of  that  resultant  is  already  known  to  be  paitiUel  to 
tLe  declivity  Y  O  Y. 

Let  B  B  be  a  plane  traversing  X,  parallel  to  Y  O  Y.  In  that 
plane  take  a  point  D,  at  such  a  distance  X  D  from  X,  that  the 
weijjLt  of  a  prism  of  earth  of  the  length  X  D  and  having  an  Miqne 
W  of  the  area  nnity  in  the  plane  O  X,  shall  represent  the  inten- 
%  of  the  conjugate  pressure  per  unit  of  area  of  a  vertical  plane  at 
the  depth  X;  that  is  to  say,  consti*uct  fig.  155  as  already  described, 
and  make 

0  P  :  O  Q  in  fig.  155  :  :  O  X  :  X  D  in  fig.  156. 

Draw  the  straight  line  O  D ;  then  will  the  ordinate,  parallel  to 
0  Y,  drawn  from  OX  to  O  D  at  any  depth,  be  the  length  of  an 
oblique  prism,  wliose  weight,  per  unit  of  area  of  its  oblique  base, 
'»ill  be  the  intensity  of  the  conjugate  pressure  at  that  depth.  Let 
ODX  be  a  triangular  prism  of  earth  of  the  thickness  unity; 
the  weight  of  that  prism  will  be  the  amount  of  the  conjugate  pres- 
*we  sought,  and  a  line  parallel  to  O  Y,  traversing  its  centre  of 
gravity,  and  cutting  O  X  in  the  centre  of  pressure  C,  will  be  the 
jmiion  of  the  resultant  of  that  pressure.  The  depth  O  C  of  that 
centre  of  pressure  beneath  the  surface  is  evidently  two-thirds  of 
tlietotal  depth  OX. 

To  express  this  symbolically,  make 

p  cos^+  ^  (cos*  ^  -  cos^  ^) 
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then  the  amount  of  the  conjugate  pressure,  represented  bj   the 
weight  of  the  prism  O  X  D,  is 

^    Wtt^  ^   p'      tofic*  ^    cos  ^-  ^(oos^^-cos^^)  ,,  ox 

2  p        2  cos^+  ^(cos«^-cos*^)  ^       ^ 

In  the  extreme  cases,  equations  17  and  18. take  the  following' 
forms: — For  a  horizontal  surface; 

'  l+8in^'  21+8m^       ^' 

For  a  surface  sloping  at  the  angle  of  repose; 

#  =  (p;  X  D  =  aj;  P'=  ^f-^  cos  0. (20.) 

•a 

Masses  of  earth  with  indefinitely  extended  plane  upper  surfaces 
do  not  occur  in  reality ;  but  the  formuhe  which  are  applicable  to 
them  are  applicable  to  real  masses  of  earth  with  limited  plane 
upper  surfaces,  with  a  degree  of  accuracy  sufficient  in  most  caaea 
for  practical  purposes.     (See  Phil.  Trcms.,  1856-7). 
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There  is  a  mathematical  theory  of  the  combined  action  of  fiiction 
and  adhesion  in  earth ;  but  for  want  of  precise  experimental  data, 
its  practical  utility  is  doubtful 


Sectioh  II. — Mensuration  of  EarOwoorh, 


184.    €alc«lati«n    •f    Half-brcttdths    and    Amm    •f  E.«a4. — ^The 

boundaries  of  a  piece  of  earthwork  in  general  are  as  follows : — 

I.  The  haseyfoTTningy  ov  fomuUionf  l)eing  a  siirface  nearly,  and 
uometimes  exactly,  horizontal,  which  forms  the  bottom  of  a  cutting, 
or  the  top  of  an  embankment. 
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II-  The  origiiial  snr&ce  of  the  ground,  which  forms  the  top  of 
a  catting  and  the  bottom  of  an  embankment. 

III-  The  sides,  or  dopesy  which  connect  the  base  with  the 
xiataral  sntfaoe,  and  whose  inclination  is  the  steepest  consistent 

with  the  permanent  stability  of  the  material. 

Figa.  157,  158,  and  159,  represent  examples  of  crasB-sections  of 


Fig.  157. 

pieces  of  earthwork,  in  each  of  which  D  £  is  the  base,  A  B  the 

natonl  soiface,   and    DA   and  ^ y.„.. 

E  B  are  the  slopes.     In  fig.  157,  !        kj     ^ 

the  natural  surface  is  horizontal ; 
figE.  158  and   159,  it  slopes 

is  called 


m  ugis.  LOO  ana    loy,   lu  slopes  /\^^ —     jF        s 

sadewajTS,   being  what 
'-ade-long  ground." 

flgSL  157  and  158  represent  cuttings;  to  represent  embank- 
ments, it  is  only  neoessaiy  to  conceive  them  to  be  turned  upside 
down. 

Fig.  159  represents  a  piece  of  earthwork,  of  which  one  side, 
Q£B,  is  in  cutting  called  ''side  cutting,*'  and  the  other,  QT>  A, 
in  embankment. 

The  half-breadth  of  a  piece  of  earthwork  has  already  been  men- 
tioned in  Article  66,  p.  112.  It  means  the  horizontal  distance 
^m  a  given  point  in  the  centre  line  of  the  base  to  one  edge  of  the 
catting  or  embankment;  and  although  it  is  called  "Aa(/^breadth,'* 
it  is  veiy  generally  different  at  opposite  sides  of  that  centre  line. 

Each  ludf-breadth  consists  of  two  parts : — ^the  real  half-breadth 
of  the  base,  which  is  fixed  by  the  design  of  the  work,  and  the 
horizontal  breadth  of  one  slope,  which  is  to  be  found  by  calcula- 
tion or  by  drawing. 

In  each  of  the  figs.  157,  158,  a^id  159,  C  represents  a  point 

in  the  coitre  line,  as  marked  on  the  ground ;  F,  the  point  vertically 

above  or  below  it  in  the  centre  line  of  the  base ;  D  G  and  E  H  are 

reitical  lines  through  the  edges  of  the  base,  D  F  and  F  E  are  the 

Uf-breadths  of  the  base. 

In  fi£.  1579  where  the  ground  is  level  across^  G  A  and  H  B  are 
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the  breadths  of  the  slopes,  and  C  A  and  C  B  the  half-breadths  o£ 
the  earthwork. 

In  ligs.  158  and  159,  where  the  ground  slojies  sideways,  th& 
vertical  lines  through  D,  F,  and  £  are  produced,  if  necessary,  and 
are  cut  at  right  angles  by  horizontal  lines,  A  L  M,  and  B  N  R, 
drawn  through  the  edges  of  the  earthwork.  A  L  and  B  N  are  the 
breadths  of  the  slopes;  and  M  A  and  P  B  are  the  half- breadths  o£ 
the  earthwork. 

When  the  natural  mirface  of  the  ground  is  rugged,  the  best- 
method  of  determining  the  breadths  of  the  slopes  of  earthwork  is  by- 
measurement,  upon  a  series  of  cross-sections  of  the  proposed  work, 
plotted  to  the  same  scale  horizontally  and  vertically.  (Article  11, 
p.  11;  Article  60,  pp.  97,  98.) 

When  the  natural  surface  of  the  ground  w  level,  or  nearly  level 
across,  or  has  an  uniform  or  nearly  uniform  sidelong  slope,  the 
breadths  of  slopes  may  be  found  by  calculation,  according  to  the 
rules  now  to  be  explained. 

In  each  of  the  following  problems,  k  denotes  C  F  in  figs.  157, 
158,  and  159,  being  the  centi^  depth  of  the  earthwork  at  the  given 
cross-section ;  Bq  the  hcUf-hreadtk  of  the  base,  F  D  or  F  E  j  «  to  I, 
the  slope  of  the  earthwork,  meaning  a  horizontal  to  1  vertical ,  b\ 
the  half- breadth  of  the  slope. 

Problem  First.  To  ccUcuIate  die  breadth  of  a  slope^  wJten  the 
natural  ground  is  level  across, — In  fig.  157, 

6'  =  HB  =  GA  =  «4.  (1.) 

Problem  Second.  To  calculate  the  breadth  of  a  slope  toJien  Uie 
natural  grouiid  lias  a  given  uniform  sidelong  inclination. 

Let  the  natural  sidelong  declivity  be  at  the  rate  of  r  to  1 ,  that 
is,  let  r  be  the  cotangent  of  the  angle  which  the  line  A  B  in  figs. 
158  and  159  makes  with  the  horizon. 

Case  1. — When  the  ground,  in  proceeding  from  the  centre  to  the 
edge  of  the  earthwork,  sIoihjs  away  from  the  base,  as  in  the  right- 
hand  side  of  figs.  158  and  l59 — 


.'=BN=.1L.fA  +  M (1) 

r-s    \       rj  ' 


Here  the  factor  h-^-^  represents  H  E,  the  depth  of  the  earth- 

r 

work  at  the  edge  of  the  base. 

Case  II. — ^When  the  ground,  in  proceeding  from  the  centre  to 
the  edge  of  the  earthwork,  slopes  towards  the  base,  as  in  the  left- 
hand  side  of  tig.  15tJ, — 
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b'^AL  =  —'(h-^) (3.) 

Here  the  factor  h — ^  represents  G  D,  the  depth  of  the  eai*th- 

^vork  at  the  edge  of  the  base. 

Caae  IIL — When  the  gronnd  intersects  the  base  between  the 
centre  line  and  the  edge  of  the  earthwork,  as  at  Q  in  the  left-hand 
side  of  fig.  15d— 


*'=^i'=;i^(^-A) (4.) 


Here  the  factor— —A  represents  G  D,  the  depth  of  the  earth- 
work at  the  edge  of  the  base. 

The  horizon^  distance  of  the  point  Q  from  the  centre  line  is 
given  by  the  formula 

FQ  =  r7*.  (5.) 

It  is  obvions  that  the  formnlse  of  this  article  can  be  applied  to 
cases  in  which  the  slope  of  the  earthwork  and  the  rate  of  declivity 
of  the  ground  are  different  at  the  two  sides  of  the  centre  line,  as 
well  as  to  those  in  which  they  are  the  same. 

The  half-breadths  of  the  earthwork,  6^  +  b',  to  the  right  and 
left  of  the  centre  line  at  a  given  point,  being  each  increased 
by  the  breadth  required  for  fencing,  give  the  total  half-breadths  at 
that  point  (as  stat^  in  Article  66,  p.  113);  and  these  being  added 
together,  give  the  total  breadth  of  the  land  to  be  taken.  From  a 
series  of  those  breadths,  at  different  points  in  the  centre  line,  the 
area  of  land  to  be  taken  may  be  calculated  by  the  method  of 
ordinates  explained  in  Article  32,  pp.  33,  34. 

Or  the  total  half-breadths  may  be  plotted  on  a  plan,  the 
boundaries  of  the  land  to  be  taken  drawn  tlirough  them,  and 
the  area  found  by  the  Method  of  Triangles,  p.  33,  or  by  the  use 
of  the  Planimeter,  p.  34. 

18-5.  CTalcvlatl^B  •f  Sectlo«al  Areas  •f  Barthwork. — The  com- 
putation of  the  areas  of  a  series  of  cross-sections  of  a  piece  of  earth- 
work is  a  step  towards  calculating  its  volume,  or  "  quantity."  If 
the  ground  is  rugged,  it  may  be  necessary  to  find  the  area  of  each 
cross-section  by^  measurements  made  upon  a  drawing ;  but  if  the 
grouod  is  nearly  or  exactly  level  across,  or  has  nearly  or  exactly  an 
maSarm  sidelong  slope,  the  area  of  a  given  cross-section  can  be 
computed  from  the  same  data  which  serve  to  compute  the  breadths 
of  the  slopes;  that  is  to  say. 
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The  natural  slope  of  the  ground, r  to  1 ; 

The  slope  of  the  earthwork, « to  1; 

The  half-breadth  of  the  base, b^; 

The  central  depth, h. 

In  each  case  the  area  of  crosfr-section  required  wiU  be  denoted 
bjS. 

Problem  First.  To  eompuis  the  area  of  croee-^edion  of  a  piece 
of  earUivxirk  uhen  the  ground  is  levd  across,  as  in  fig.  157. 

S  =  FCGB  =  A(2  6o  +  i') 

=  26oA  +  *^^. (1.) 

Problem  Seookix  To  compute  the  area  of  cross-section  of  a  pieoa 
of  earthwork,  when  the  ground  has  an  tmiform  sidelong  dope,  not 
intersecting  the  base,  as  in  fig.  158. 

The  area  of  the  trapezoid  GDEH  =  D£-FC  =  2  6oA; 

B  N  *H  E 

„       of  the  triangle  B  H  E  = ^ ==  (according  to 

Article  184,  equation  2)  2(r  —  g\  (*  ■*"  r)  ' 

A  L  'G  D 

„       of  the  triangle  A  G  D  = « =  (according  to 

rs        (         6  \^ 
Article  184,  equation  3)  ^v    ,    v  \h ^J  ; 

hence,  adding  those  three  parts  together. 

This  formiila  may  also  be  put  in  tiie  foOoving  farm  >~ 

Another  mode  of  expressing  the  same  quantity  is  as  foUovs^*— 
*  Soggested,  bo  fw  as  I  know,  by  Mr.  llioiiitt  Bobeita 
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iJid  is  coDTement  for  use  in  connection  with  a  table  of  squares  :— 
Prodnoe  B  E  and  A  D  till  thej  meet  in  K,  in  the  vertical  line 
C  F  pcodQced.     Then 

S  =  triangle  A  B  K  —  triangle  E  D  K 

(AM  +  BP)'CK  — DE'FK 
-  2  ' 

batPK=-^  CK  =  ^+^;  DE  =  26o«nd 

2  r^ 
A  M  +  B  P  =;j^32  (*  *  +  ^o)'y  consequently 


8=^(*+^)-f (<•) 


PfiOBLEK  Thdo).  To  compute  the  areae  of  the  two  divmone  of  a 
cr(m'9ection  of  earthwork,  v^ien  the  ground  intereects  the  bcue,  as  in 
fig.  159. 

The  cross-section  here  consists  of  two  similar  triangles^  QBE  and 
Q  A  D,  one  of  which  is  in  cutting  and  the  other  iu  embankmenti 
In  the  figure,  the  laiger  triangle  is  in  cutting;  the  same  figure 
inTerted  will  represent  the  case  in  which  the  larger  triangle  is  in 
embankment  When  Q,  C,  and  F  coincide,  the  trian^es  are 
equal 

I^  S'  denote  the  laiger  and  S'  the  smaller  triangla     Then 

(BP  +  FQ)'EH_(5o  +  rA)«,  . 

^  = 2 -2(r-*)' ^^'^ 

(AM^FQ)  DG  _  {h-rhf  . 

^  = 2 --U^rZTs) ^^'^ 


186.  CiricidittlMi  •r  ▼•fanM*  OT  Qvaaflclcs  •f  B«i 

Cask  L  When  two  eroee-eections  S^,  S,,  are  given,  witii  the  longitudinal 
dittaiKe  between  them  x,  the  volume  (V)  of  the  earthwork  between 
ihoBd  cross-sections  is  given  approximately,  by  the  following 
formnk,  provided  Sg  and  S^  are  nearly  equal,  but  not  otherwise : — 


=«-^4^. (1.) 


Case  U.  When  three  equidietani  croee-eectione  S^,  S^  S^,  are  given, 
vith  the  total  length  x,  o/the  piece  of  eturthwork  between  tfiem,  the 
best  approximation  is. 
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V  =  X  •  ^'-ii  ®L±^. (2.) 

Case  III.  Tux>  erosa-sections  given,  and  one  assumed. — Equation 
2  may  also  be  used  to  give  a  closer  approximation  than  equation  1 , 
when  the  two  eudmost  cross-sections  onlj  are  given,  Sq  and  S^,  bj 
])utting  for  Sj  the  area  of  an  assumed  cross-section  midway  between 
Sq  and  83  -y  its  central  depth  being  assumed  to  be  a  mean  between 
the  centnil  depths  of  Sq  and  Sj,  and  tiie  sidelong  slope  of  the 
ground  (ii'any),  at  Sj^  a  harmonic  mean  between  those  at  S^  and  S^. 

WJten  iJue  ground  ts  level  across,  this  hist  process  gives  the  follow- 
ing result : — 

Let  Jiq  be  the  central  depth  at  Sqj 
»    ^i      tf  i>  >»      ^^  ^2> 

then  the  assumed  central  depth  at  S.  is    ^  ^^  ^ ;  and 

V=x  {6.  (*.  +  *,)+. .-^J+^gA+i!} (3.) 

Tills  formula  is  called  the  "  Prismoidal  Formuhk"  Another 
form  of  the  same  formula,  convenient  for  use  in  connection  with  a 
table  of  squares,  is  as  follows : — 

Formula  3  is  the  basis  of  Sir  John  Macneill's  earthwork  tables ; 
formula  4  of  Mr.  Henderson'a     ♦ 

Case  IV.  An  even  number  0/ equidistant  cross-sections  given^  S^, 
8^,  S2,  &C.  .  .  .  S«;  the  distance  from  section  to  section   being 

V=  A  ajJI^  +  S^  +  Sg  +  ckc.  .  .  .  +?=} (5.) 

Case  Y.  An  odd  number  of  equidistant  cross-sections  given, 
^0)  ^i>  ^  ^^  •  •  •  3,;  the  distance  from  section  to  section  being 

+  2S..2  +  4S..i  +  S.|.  ) 
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^Besides  the  earthwork  tables  alreadj  mentioned,  many  others 
have  been  pablished,  such  as  Mr.  Bidder's,  Mr.  Haskoll  s,  &c 
Such  tables  generally  give  either  the  mean  sectUmdl  area  of  a  piece 
(>f  ^u-thwork  of  a  given  base  and  slojie,  and  oi'  given  depths  at 
tlie  two  ends,  or  a  number  proportional  to  it ;  which  mean  area  or 
number  being  multiplied  by  the  length,  gives  the  volume. 

Quantities  of  earthwork,  in  Britain,  are  usually  stated  in  cuhic 
yards,  while  their  dimensions  ai*e  given  in  feet  The  expressions 
for  volumes  in  this  Article,  being  suited  for  the  case  in  which  the 
unit  of  volume  is  the  cube  described  upon  the  linear  wiit,  require 
to  be  divided  by  27,  when  the  dimensions  are  in  feet,  to  reduce  the 
volumes  to  cubic  y^da. 

Sometimes,  while  the  breadths  and  depths  are  given  in  feet,  the 
lengths  are  stated  in  chains  of  66  feet ;  and  in  that  case,  to  give 
the  volumes  in  cubic  yards,  the  expressions  in  this  Article  should 
be  multiplied  by 

66       22 

__  —  _  —  2-444 

?7  ~  9  "" 
SacnoN  III. — Of  the  Execution  of  EarilitoarL 


187.  B«rte9i  ami  Trial  ShmlU. — The  ordinary  method  of  ascer- 
Uining  the  nature  of  the  material  to  be  excavated,  previous  to  the 
undertaking  or  execution  of  any  piece  of  earthwork,  is  by  boring  a 
vertical  hole  of  about  3^  or  4  inches  in  diameter  in  the  groimd, 
and  bringing  up'  specimens  of  the  materials  pierced  through  at 
diferent  depths. 

Inasmuch,  however,  as  the  specimens  of  materials  so  brought  up 
ire,  in  general,  reduced  to  chips  or  to  powder  by  the  action  of  the 
boring-tool,  and  sometimes  to  paste  or  mud  by  the  action  of  the 
water  which  is  poured  into  the  hole  to  keep  the  tool  cool,  and 
&cilitate  its  working  in  hard  strata,  the  information  obtained  by 
boring  is  not  wholly  satisfactory;  for  although  it  shows  the  min- 
eralogical  composition  of  the  materials  found  at  diffei*eut  deptlis,  it 
leaves  their  probable  stability  in  earthwork  doubtful,  exce})t  in  so 
&r  as  it  can  be  infeired  from  the  resistance  met  with  by  the  boring 
tool ;  and  this  source  of  information  is  available  to  the  engineer  or 
contractor  at  second-hand  only,  through  the  statements  of  the 
borera  The  smallness  of  the  hole,  too,  makes  the  results  of  borings 
doubtful;  for  what  seems  to  be  a  stratum  of  rock  may  sometimes 
prove  to  be  only  a  solitaiy  block  or  boulder. 

To  ascertain  completely  the  nature  and  qualities  of  the  materials 
of  an  intended  cutting,  trial-shafts  or  pits  should  be  sunk  down  to 
the  level  of  its  bottom.     The  expense  and  time  required  for  sinking 
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fihafts  make  it  impracticable  to  use  them  excliisiTelj.  The  best 
method  is  to  combine  shafts  with  borings,  by  sinking,  in  eveiy  im- 
portant proposed  cutting,  one  shaft  at  least,  which  should  in  gencxral 
be  at  the  point  of  greatest  depth,  and  making,  besides,  a  series  of 
borings  at  points  200  or  300  yards  apart  These  borings  will  be 
sufficient  to  show  whether  any  change  in  the  strata  occurs  sufficient 
to  make  it  advisable  to  sink  one  or  more  additional  shafts  in  a 
given  cutting. 

Boring  tools  are  made  of  wrought  iron,  steeled  at  the  cutting 
edges  and  points.     They  are  usually  about  3  feet  long,  or  a  little 
more,  about  one-half  of  the  length  being  the  tool  or  boring  instni* 
ment  proper,  and  the  remainder  the  shank,  which  is  a  bar  of  l^tli 
inch  square  or  thereabouts,  having  a  screw  at  its  WP^  ^^^ 
to  connect  it  with  the  first  of  the  lengthening  rods.     These  are 
.square  bars,  usually  about  10  feet  long,  of  the  same  diameter  with 
the  shank  of  the  boring  tool,  with  screws  at  their  ends  by  which 
they  can  be  united  together  to  any  length  required  by  the  depth  of 
the  bore.     The  uppermost  rod  is  capable  of  being  hung  by  a  swivel 
and  rope  from  a  triangle  or  shears  set  up  over  the  bore-hole,  in 
order  to  haul  up  the  rods  when  required.     The  working  part  of  the 
tool  is  made  of  various  figures,  for  penetrating  various  materials. 
The  commonest  forms  are  the  augers  the  worm,  and  the  jumper* 
The  a/uger,  which  is  used  for  boring  all  ordinary  earths,  shale,  and 
soft  rock,  is  formed  like  a  hollow  cylinder,  about  3^-iDches  in 
diameter,  with  an  open  sharp-edged  slit  along  one  side,  and  slightly 
contracted  at  the  lower  end,  which  sometimes  (for  boring  soft  itx^) 
has  a  small  spiral  point  like  that  of  a  gimlet.     It  brings  up  sped- 
mens  of  the  material  bored  in  the  inside  of  its  hollow  cylindrical 
body. 

The  iwrm  is  a  sharp  pointed  spiral,  used  for  boring  rock  too  hard 
to  be  pierced  by  the  auger.  After  the  rock  has  been  pierced  by  the 
worm,  the  auger  is  used  to  enlarge  the  hole  and  bring  up  the 
fragments. 

Both  the  auger  and  the  worm  are  worked  by  turning  them  con- 
tinuously round  towards  the  right  (that  is,  in  the  direction  of  the 
motion  of  the  hands  of  a  watch),  by  means  of  a  cross-head  six  feet 
long,  or  thereabouts,  driven  by  two  men. 

To  pierce  rock  that  is  too  hard  for  the  worm,  a  jwnper  is  used. 
Jumpers  are  of  various  figures;  some  flat,  like  a  chisel,  with  a  sharp 
edge  at  the  lower  end;  some  square,  with  a  four-sided  pyramidid 
point,  like  a  poker;  some  spear-pointed.  The  jumper  is  worked 
by  raising  it  a  short  distance  and  letting  it  drop,  turning  it  a  little 
way  round  after  each  blow.  It  is  sometimes  simply  hung  by  a 
rope,  instead  of  being  screwed  to  the  lower  end  of  the  leng^ening 
rods.     The  materials  broken  by  the  jumper  are  sometimes  brought 
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up  bj  tiie  anger,  sometimes  bj  a  sort  of  bucket  on  the  top  of  the 
jumper  itself 

Bores  in  veiy  soft  materials  sometimes  require  to  be  lined  with 
a  aeries  of  cast  or  wrought  iron  pipes,  pushed  down  as  the  bore 
proceeds,  to  prevent  its  sides  finom  falling  in ;  the  lowest  pipe  having 
&  sharp  serrated  edga  These  pipes  may  be  made  to  screw  together, 
9D  that  thej  can  be  hauled  up  again* 

The  depth  of  a  lajer  of  moss,  mud,  or  quicksand,  at  the  surface 
<^  the  ground,  is  sometimes  probed  or  sounded  with  a  long  slender 
iron  rod  called  a  fricker. 

The  operations  of  sinking  shafts  will  be  described  further  on, 
Tmder  the  head  of  TuNNELLiif  o. 

In  marking  the  results  of  borings  and  trial  shafts  on  a  section 
(see  Article  11,  p.  10,  and  Article  17,  p.  15),  care  is  to  be  taken  to 
sbov  nothing  on  the  paper  except  the  fiicts  actually  observed,  all 
coBJectond  sections  <^  the  strata  lying  between  the  borings  and 
lata,  whether  marked  by  outlines,  colour,  shadings,  or  words,  being 
xigidly  excluded.  The  insertion  of  such  conjectural  sections, 
alUkoiigh  it  improves  the  appearance  of  the  drawing,  and  makes  it 
more  readily  intelligible,  is  done  at  the  risk  of  misleading  eon- 
tndon,  and  involving  the  companies  and  engineers  in  heavy 
respoBflibility.  The  result  of  the  pits  and  borings  being  shown 
cuuedy  as  observed,  contractors  and  others  are  left  to  draw  their 
own  conclusions  as  to  the  intermediate  strata. 

188L  T^mA\m\m%  Saithwmk  is  a  term  applied  to  the  process  of  so 
adjusting  the  formation  level  of  an  intended  work,  that  the  earth 
from  the  cuttings  shall  be  as  nearly  as  possible  sufficient  to  make 
the  emhankments,  and  no  more.  The  art  of  making  this  adjust* 
ment  by  the  ^e  upon  a  section  of  the  ground  with  sufficient 
ftccmacy  is  soon  acquired  by  practice.  In  most  cases  it  is  essential 
to  ectmomy  in  the  cost  of  the  work;  for  any  surplus  of  embank- 
ment over  cutting  must  be  made  up  from  ^  side  cutting;"  and  the 
ttrth  from  any  surplus  of  cutting  over  embankment  must  be 
formed  into  '*  spoil  banks;"  both  of  which  woiks  involve  additional 
cost  for  labour  and  land.  But  cases  sometimes  occur,  in  which  it 
is  more  economical  to  make  an  embankment  from  side-cutting 
close  at  hand,  than  to  bring  the  necessaiy  material  from  a  far 
^stant  catting  on  the  line  of  works,  or  in  which  it  is  more 
c<9onomical  to  throw  part  of  the  material  from  a  cutting  into  a 
spoil  bank,  than  to  send  it  to  a  &r-diBtant  embankment  on  the 
Ime  of  works;  and  these  points  must  be  decided  by  the  engineer  to 
the  best  of  his  judgment  in  each  particular  case. 

1B9.  The  TiBij  iiiiij  FcaciBc  erected  before  the  earthwork  is 
commenced,  should  enclose  all  the  ground  required  for  the  under- 
Wng;  that  is  to  say,  it  should  run  along  the  outer  boundary  of 
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the  strip  of  land  which  is  to  be  taken  beyond  the  edge  of  the 
earthwork,  and  whose  breadth  is  added  to  the  half-breadths  of  the 
eai'thwork  in  calculating  and  setting  out  the  total  half-breadths 
(p.  113).  In  the  open  country,  where  the  permanent  fence  is  to 
be  a  hedge  and  ditch,  the  breadth  of  that  strip  of  land  is  usually 
about  nine  feet;  but  where  ground  is  valuable,  as  amongst  gardens 
and  pleasure-grounds,  and  in  towns  and  suburbs,  smaller  breadths 
are  used,  as  to  which  no  general  rule  can  be  laid  down. 

The  temporary  fence  usually  consists  of  posts  and  rails  of  larch 
or  oak;  the  posts  being  from  4  feet  to  4  feet  6  inches  apart,  about 
6  feet  long,  driven  from  2  feet  to  2  feet  6  inches  into  the  ground, 
from  4  to  6  inches  broad  in  a  direction  <ncro88  the  fence,  and  about 
3  inches  thick  in  a  direction  along  the  fence ;  the  rails  about  9  or 
10  feet  long,  3  inches  deep,  and  1^  inch  thick,  scarfed  in  mortises 
in  every  second  post.  Sometimes  the  posts  in  which  the  rails  are 
scarfed  are  made  stronger  than  the  intermediate  posts,  and  have 
diagonal  stays  to  increase  their  stability,  the  foot  of  each  stay 
being  nailed  to  a  small  stake  about  2  feet  long. 

The  best  site  for  permanent  marks  of  the  line  and  levels  is  near 
the  fence  (pp.  110,  111). 

If  the  soil  is  wet,  a  caU^toater  drain  may  be  made  at  the  same 
time  with  the  temporaiy  fencing,  at  one  or  both  sides  of  the  earth- 
work, commencing  at  its  outfall  into  an  existing  main  drain  or 
water  course,  and  working  upwards.  When  the  ground  has  a  side- 
long slope  the  catchwater  drain  is  indispensable  at  the  up-hill  side 
of  the  earthwork.  Thus,  in  fig.  160,  A  B  is  part  of  the  base  and 
B  C  one  of  the  slopes  of  an  intended  cutting ;  C  G  is  part  of  the 
natural  ground^  sloping  dowiiwards  towards  C;  D  is  a  catchwater 


Tig.  160.  Fig.  161. 

drain,  to  prevent  surface  water  running  from  G  towards  C  from 
injuring  the  slope  of  the  cutting.  In  fig.  161,  A  B  is  iwa-t  of  the 
base  and  B  C  one  of  the  slopes  of  an  embankment ;  E  F  is  part  of 
the  natural  ground,  sloping  downwards  from  F  towards  E ;  D  is  a 
catchwater  dmin,  to  prevent  surface  water  running  from  F  towards 
C  from  collecting  at  C  and  injuring  the  embankment.  The  catch- 
water drain  may  be  an  open  ditch,  in  ordinary  eases  fit>m  3  to  4 


STBIPFIKG  SOIL->CUrnKGS^— DBAIKAGE.  335 

ieet  -wide  and  from  2  to  3  feet  deep;  or  it  maj  be  an  undei^ground 
dnun,  built  of  sptono  or  brick,  or  made  of  earthenware  tubes  (as  in 
the  figures),  with  broken  stone  or  clean  gravel  above  it 

191.  acaippi«8  tii«  s«ii. — The  soil  or  vegetable  mould  should  be 
Etripped  from  the  site  of  an  intended  piece  of  earthwork,  and  laid 
down  near  the  fence,  in  order  that  it  maj  be  afterwards  used  to 

re-eoil  the  slopes  of  the  earthwork.     The  usual  depth  of  soil  spread 

on  theae  slopes  varies  from  3  to  6  inches. 

192.  jaaagwl  Op^ffBii—  •£  €viai«c — Where  there  is  no  reason 

to  the  oontraiyy  it  is  desirable  that  the  base  of  a  cutting  should 

have  a  deciivity  towards  the  point  at  which  the  work  of  excavation 

is  eommenced ;  for  this  renders  more  easy  the  removal  of  the  earth 

in  wagons,  and  the  temporary  and  permanent  drainage. 

A  cattb^  is  usually  commenced  (if  the  earth  will  stand  for  a 
time  with  vertical  sides)  by  making  a  ^  gullet,"  or  vertical-sided 
excavation,  wide  enough  to  contain  one  or  more  lines  of  tern- 
poTuy  rails  for  the  passage  of  earth  wagon&  The  widening  of 
the  cutting  to  its  full  width,  and  the  formation  of  the  slope, 
sboold  be  carried  on  so  as  never  to  be  &.r  behind  the  head  or  most 
advanced  end  of  the  gullet;  for  the  strain  thrown  on  a  mass  of 
estth.  by  standing  for  a  time  with  a  vertical  face  has  a  tendency  to 
produce  cracks,  which  may  extend  beyond  the  position  of  the 
intended  slopes,  and  so  render  the  sides  of  the  cutting  liable  to  slip 
after  they  have  been  finished.  The  advanced  end  of  a  cutting 
of  considerable  depth,  and  the  parts  of  its  sides  whose  slopes  have 
not  been  finished,  consist,  while  the  work  is  in  progress,  of  a  series 
<tf  steps  or  stages  called  "  lifts,"  rising  one  alH>ve  another  by  six 
or  eight  feet,  or  thereabouts,  the  excavators  working  at  the  faces 
of  these  lifts  so  as  to  carry  them  on  together. 

From  fiices  at  the  end  or  sides  of  the  gullet,  the  earth  is 
shovelled  directly  into  the  wagons.  From  the  other  faces  of  the 
catting,  the  earth  is  wheeled  in  barrows  along  planks  to  points 
fiam  which  it  can  be  tipped  into  the  wagon  a 

193.  DvateiHg  the  Base  «■«  Stopcs. — ^At  the  foot  of  each  slope  of 
a  cutting  it  is  almost  always  necessary  to  have  a  longitudinal 
drain  called  a  *'  side-drain,"  of  from  6  inches  to  2  feet  deep  accord- 
ing to  the  drcnmstances  of  the  case.     It  may  be  a  small  open 
ditch,  or  a  channel  pitched  and  faced  with  stone,  or  a  covered  stone 
or  brick  drain,  or  a  line  of  tubes  (as  at  E,  fig.  160)  with  broken 
stone   or  gravel  above.      It  may  receive  the  waters  of  branch 
dnins  ranning  across  the  base,  should  such  be  found  necessary,  and 
a^  of  branch  drains  laid  in  the  slopes,  as  F,  fig.  160.     When  the 
\atter  are  tabes,  they  may  in  general  be  laid  about  2^  feet  below 
tbe  mrbce.     It  is  in  general  advisable  so  to  place  the  side-drain 
£  A&t  Us  bottom  shall  not  be  below  the  prolongation  of  the  plane 
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of  the  slope  B  C,  unless  there  is  a  retaining  wall ;  otJierwiae  it  maj 
cause  that  slope  to  slip,  and  may  itself'  be  crushed  or  choked. 

Springs  rising  in  cuttings  require  special  drains  to  carry  away 
their  waters. 

194.  The  Mjmhmmr  •€  Xarthwoik,  in  ordinary  cases,  consists  of 
geUing^  or  excavating;  filling  into  barrows  or  wagons;  uihed^ng 
in  baiTOWB;  leading  in  wagons;  and  teeming  or  tipping — that 
is,  depositing  the  earth  in  the  embankment  where  it  is  to  resL 
Other  processes  required  in  special  cases  will  be  considered  &rther 
on. 

The  labour  of  geUing  the  earth  depends  mainly  upon  its  adhesion. 
Loose  sand  and  gravel,  soft  vegetable  mould  and  peat,  can  be  dug 
with  the  shovel  or  the  spade  alone;  stifier  kinds  of  earth  require  to 
be  loosened  with  the  pick  before  being  shovelled  into  barrows,  and 
in  some  cases,  with  crowbars,  wedges,  or  stakes;  the  softest  kinds 
of  rock  can  be  broken  up  with  the  pick  or  crowbar;  harder  kinds 
require  the  action  of  wedges;  harder  still,  especially  if  free  from 
natural  fissures,  need  blasting  by  gunpowder,  which  will  be  treated 
in  a  separate  article. 

Wheeling  in  bairows  is  performed  upon  planks,  whose  steepest 
inclination  should  not  exceed  1  in  12,  unlea?  the  men  are  assisted 
by  means  of  ropes  and  winding  machinery. 

Leading  is  performed  upon  light  temporaiy  rails,  in  wagons 
called  "  earth-wagons,"  whose  bodies  can  be  tipped  over  by 
turning  on  a  pair  of  horizontal  trunnions,  so  as  to  empty  the  earth 
out:  they  are  drawn  by  horses  or  by  small  locomotive  engine& 

The  labour  of  shovelling  a  given  weight  of  earth  into  barrows, 
and  that  of  wheeling  it  from  the  face  of  the  cutting  to  a  given  point, 
tipping  it  into  the  wagons,  and  leading  it  a  given  distance,  are 
nearly  the  same  for  most  ordinary  kinds  of  earth.  For  a  given 
hulk  of  earth,  the  labour  of  those  operations  vaiies  neariy  as  the 
heaviness  of  the  earth. 

In  order  to  execute  an  excavation  with  speed  and  economy,  it  is 
necessary  to  fix  correctly  both  the  absolute  and  the  proportionate 
numbers  of  pickmen,  shovellers,  and  wheelers,  or  banowmen,  so 
that  all  shall  be  constantly  employed.  The  only  method  of  doing 
this  exactly,  in  any  particular  case,  is  by  trial  on  the  spot;  but  an 
approximation  may  be  made  beforehand  by  estimating  from  the 
data  of  experience. 

The  absolute  number  of  exoavators  working  at  the  face  of  a 
cutting  is  determined  by  the  horizontal  extent  of  face  at  which 
cutting  is  in  progress  at  once;  one  excavator  to  five  or  six  feet  of 
breadth  of  face,  is  about  as  close  as  they  can  be  placed  without 
getting  in  each  others*  way. 

The  proportion  of  wltielers  to  ehaveUers  may  be  estimated  ap- 
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pgoTrimatelj  by  the  fi^t,  that  a  ahoyeller  takes  about  as  long  to  fill 
an  ordhMury  barrow  with  earth  as  a  wheeler  takes  to  wheel  a  full 
baorrow  About  100  or  120  feet^  oil  a  horizontal  plank,  and  return 
with  aik  empty  barrow. 

If  the  ficdl  barrow  has  to  be  wheeled  up  an  ascent,  each  foot  of 
18  to  be  considered  equiyalent  to  six  additional  feet  of  horizontal 


fienee  the  following  approximate  formula : — 
Let  I  be  tiie  honzontal  distance  that  the  earth  has  to  be  wheeled, 
axud  k  the  height  of  ascent,  if  any;  then 

number  of  wheelers  to  one  shoveller  ss-^ i/v/v^    ton^  x  (!•) 

from  100  to  120  feet  ^   ' 

The  number  of  harrows  required  for  each  shoveUer  is  one  more 
than  the  number  of  wheelers. 

A  flhoYeller  will  throw  each  shoyelfdl  of  earth  from  6  to  10  feet 
hoRBontally,  or  from  4  to  5  feet  yertically  upwarda  If  the  earth 
is  to  be  thrown  by  the  shovel  to  greater  distances  or  heights,  two 
or  more  ranks  of  shovellers  must  be  employed. 

The  }ax>portion  of  the  pickmen  to  the  shovellers  (in  a  single  rank) 
d^ends  on  the  stLSness  of  the  earth.    The  following  are  examples : — 

IMckmento 
006  ShoveUer. 

Loose  sand  and  vegetable  mould, o 

Compact  earth, ^ 

Ordinary  clay, from  ^  to  i 

Hard  day, „   i^  to  2. 

Earth  is  designated  as  ^'  earth  of  one  man,*'  if  one  shoveller  can 
ke^  one  line  of  wheelers  at  work;  "  earth  of  a  man  and  a-half,'*  if 
two  shovellers  and  a  pickman  are  needed  to  keep  two  lines  of 
wheelers  at  work;  ''earth  of  two  men,"  if  one  shoveller  and  one 
ptckman  can  keep  one  line  of  wheelers  at  work;  and  generally, 
**  earth  of  so  many  men,"  according  to  the  number  of  shovellers  and 
pickmen  together  who  are  required  to  keep  one  line  of  wheelers  at 
work.  Let  m  denote  that  number;  then  the  total  number  of 
thovellers,  pickmen,  and  wheelers  for  each  line  of  wheelers,  will  be 
approximately 

^^'^■^fromlOo'to  120  feet ^^'^ 

The  TKte  at  'which  the  cutting  may  be  expected  to  advance,  if 
00  special  difficulties  occur,  may  be  estimated  for  each  line  of 
wheelers  (or  £or  each  shoveller  in  one  rank),  at  about 
*  z 
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20  cubic  yards  of  loose  sand,  or  mould,         )         ^ 
or  16  cubic  yards  of  clay,  or  compact  earth,  /  ^       ^' 

The  labour  of  excavating  is  often  considerably  lessened,  especiallv 
in  widening  a  gullet  at  the  sides,  by  undermining  large  masses  of 
earth  from  below,  and  loosening  them  by  driving  stakes  b^und 
them  from  above.     This  is  called  "  falling." 

An  earth-wagon  holds  about  as  much  as  50  wheel-barrows,  and 
if  drawn  at  the  walking  pace  of  a  horse,  its  speed  may  be  taken  as 
about  one-fifth  greater  than  that  of  the  wheel-barrows;  so  that  it 
is  equivalent  to  about  60  wheel-barrows;  and  one  earth-wagon 
going  and  returning  a  distance  of  about  6,000  feet  honzontally, 
while  another  stands  to  be  filled,  will  keep  one  shoveller  at  work. 
If  loaded  wagons  have  to  be  drawn  up  an  ascent,  and  the  tem- 
porary rails  are  in  moderately  good  order,  each  foot  of  ascent  may 
be  considered  as  equivalent  to  about  150  feet  of  additional  hori- 
zontal distance.  Hence  let  L  be  the  liorizontal  distance  in  feet  to 
which  the  earth  is  to  be  led  in  earth-wagons  drawn  by  horses,  H 
the  ascent,  in  feet,  if  any;  then  the  nurnber  qf^ioveilers  (in  single 
rank)  to  each  eaaih-vxitgon  in  motion  at  OTve  time,  is  about, 

_  _6,000_  ,o .     , 

~L+150R ^   -^ 

and  the  reciprocal  of  this  expresses  the  earthrwoffons  or  Jracdons  of 
an  earth-ioagon  in  motion  ol  one  time  per  shovdler;  but  additional 
wagons,  as  to  which  no  precise  rule  can  be  laid  down,  must  be  pro- 
vided, in  order  to  allow  for  those  which  are  standing  to  be  filled, 
and  for  those  which  are  in  the  act  of  being  tipped  and  revised. 
With  locomotive  engines  the  speed  can  be  increased,  and  the 
number  of  wagons  proportionally  diminished.  The  preceding 
calculations  have  reference  to  wagons  which  hold  from  2  to  2^ 
cubic  yards  of  earth,  or  thereabouts,  the  weight  of  which  is  from  24 
to  3  tons,  the  weight  of  the  wagon  itself  being  between  a  ton  and 
a  ton  and  a-half.  The  friction  being  taken  at  15  lbs.  per  ton  (or 
1  —  150th  of  the  gross  load  nearly),  the  force  required  to  draw  a 
wagon,  or  train  of  wagons,  either  on  a  level,  or  up  or  down  a  ^ven 
declivity,  can  easily  be  calculated.  In  estimating  the  number  of 
horses  reqttired,  tlie  force  which  a  horse  can  exert  when  walking 
slowly  may  be  estimated  at  about  120  lbs. 

When  the  leading  of  earth  is  performed,  not  in  wagons  or 
temporary  rails,  but  in  two-wheeled  one-horse  carts  on  an  ordinary 
roadway,  the  number  of  such  carts  required  may  be  approximately 
computed  from  the  data,  that  the  net  load  of  each  such  cart  is 
about  equal  to  that  of  twelve  wheel-barrows,  and  its  average  qieed 
going  and  retmning  about  one-sixth  part  more  than  that  of  a 
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wheel-barrow,  so  that  eadi  cart  in  motion  is  equivalent  to  about 
fooiieen  wheel-barrows  in  motion.  In  this  as  in  the  pieceding 
eaae,  in  computing  the  total  number  of  carts,  allowance  must  be 
made  for  those  which  are  standing  to  be  filled,  and  those  which  are 
hemg  tamed  and  tipped. 

195.  WitmHttm  on  the  sides  of  cuttings  are  small  platforms,  level 
tnnsverselj,  seldom  exceeding  about  six  feet  in  breadth.  They 
aie  sometimes  used  in  veiy  deep  cuttings,  for  the  purpose  either  of 
intercepting  the  fall  of  boulders  and  pieces  of  rock  from  the  higher 
slopes,  or  of  facilitating  the  drainage.  A  bench  ought  to  have  a 
slight  declivity  length^wiae,  and  at  the  foot  of  the  slope  above  it 
there  should  be  a  sfde-drain  like  that  at  the  side  of  the  base  (£, 
%.  160,  p  334),  to  catch  and  carry  away  all  the  sniface-water 
£rom  that  slopes 

I9&  PwrsMlMi  •#  Wipg> — Ab  the  slipping  of  the  sides  of  cuttings 
is  caosed  by  the  action,  of  water,  its  prevention  is  promoted  by 
efficieot  ordinary  drainage,  as  described  in  Article  189,  p.  334,  and 
Artide  193,  p.  333.  When  ordinary  methods  ol  drainage  are 
iosofficient,  other  expedients  must  be  adopted,  such  as  the  foUow- 
log:— To  make  the  hranch-drains  of  the  slc^  veiy  numerous  and 
dose;  to  make  special  drains  for  carrying  down  to  the  side-drain 
of  tiie  cattings,  the  ^wmters  of  such  springs  as  may  flow  from  the 
sbpej  to  fiice  the  slope  ^with  a  well-packed  layer  of  stones  laid  dry, 
W  6  to  18  inches  thidc^  according  to  the  circumstances  of  the  case ; 
to  cot  away  a  portion  of  "the  lower  part  of  the  slope,  and  form  in  the 
^•ee  80  left  a  bank  of  gravel  or  shivers  of  stone,  against  which  the 
s^pe  of  earth  may  ab-xit,  with  counterforts,  made  by  digging 
tre&dies  at  right  angles  to  the  gravel  bank,  and  filling  them  with 
gravel;  this  combination  acts  both  as  a  retaining  wall  and  as  a 
BTstem  of  drains;  to  "build  at  the  foot  of  the  slope,  so  as  at  once 
to  support  and  drain  it,  eitiier  a  dry  stone  retaining  wall,  or  a 
waU  of  brick  or  masoniy  laid  in  mortar,  backed  with  a  vertical 
layer  of  dry  Btones ;  to  intercept  underground  waters  on  their  way 
towards  the  alope,  by  means  of  a  drift  or  mine. 

Betainiiig  -wells  ^will  be  further  treated  of  under  the  head  of 
Masonby,  and  drifts  under  that  of  Tuitkelling. 

In  some  instanoea,  all  remedies  for  slipping  are  found  unavailing, 
and  the  material  must  be  allowed  to  find  its  own  angle  of  repose, 
care  being  taken  to  remove  the  earth  which  slides  down  from  time 
to  time,  and  to  acquire  the  necessary  additional  land. 

197.  gudiaMMt  •C  g«»««liiwn».  —  Embankments  subside  or 
settle  after  their  first  formation,  to  an  extent  which  varies  consid- 
erably for  different  materials  and  under  dififerent  circumstances, 
being  seldom  less  than  one-Uodfth^  and  seldom  more  than  (me-fifik,  of 
the  original  height     The  best  method  of  ascertaining  the  probable 
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proportionate  settlement  of  a  proposed  embankment  is  by  an 
experiment  on  a  short  length  of  it;  allowance  for  the  settlement  bo 
asoertained  must  then  be  made  in  constructing  the  remainder  oF 
the  embankment. 

198.  The  i»ii«ribaii«B  •£  Bariiiwork  means  the  arrangement  by 
which  the  materials  obtained  from  different  parts  of  the  cuttings 
are  distributed  amongst  different  parts  of  the  embankments,  so  as 
to  insure  the  least  possible  expenditure  of  labour  in  the  leading  or 
conveyance  of  the  eartL  To  attain  this  object,  two  rules  are  to 
be  followed  as  closely  as  may  be  practicable; — to  fill  each  portion 
of  embankment  from  the  nearest  acceesible  portion  of  cutting;  and 
to  take  care  that  the  several  routes  by  which  earth  is  conveyed 
from  cutting  to  embankment  shall  not  cross  each  other. 

The  mean  dista/nee  of  lead,  from  a  division  of  a  cutting  to  thai 
division  of  an  embankment  which  is  filled  from  it,  is  neariy  equal 
to  the  distance  between  their  centres  of  gravity. 

199.  GeMend  Op«mti«M  •f  EHitoakiac.-.The  best  materials  for 
embankments  are  those  whose  frictional  stability  is  the  greatest  and 
the  most  permanent,  such  as  shivers  of  rock,  shingle,  gravel,  and 
dean  sand.  Clay  also  forms  safe  embankments,  provided  it  is  dry, 
or  nearly  dry,  when  laid  down.  Wet  clay,  vegetable  mould,  and 
mud,  are  unfit  for  use  in  embankments ;  so  also  is  peat,  except  witii 
certain  precautions  to  be  afterwards  mentioned. 

An  embankment  may  be  made  in  three  ways : — I.  In  one  layer. 
II.  In  two  or  more  thick  layers.     IIL  In  thin  layers. 

I.  In  one  layer, — This  being  tho  cheapest  and  quickest  method, 
consistent  with  stability,  is  that  followed  in  all  eaHhworks  in 

3/  which  there  is  no  special  reason  to  the 
contrary.  In  ^g.  162,  BAC  repre- 
sents the  natural  surface  of  the  ground ; 
D  A  part  of  the  base  of  a  cutting ; 
A  E  0  an  embankment,  th e construction 
Fig.  1C2.  of  which  is  carried  forward  in  tiie 

direction  A  E  of  its  full  width  and  height  (including  a  sufficient 
allowance  for  subsidence),  by  running  earth-wagons  on  temporary 
rails  from  the  cutting  along  the  top  of  the  embankment,  and  tipping 
them  at  E,  so  that  the  earth  runs  down  and  spreads  itself  over  the 
sloping  end  E  C  of  the  bank,  which  is  called  the  "tip." 

The  sloping  lines  parallel  to  E  C  represent  a  series  of  successive 
previous  j30sitions  of  the  tip,  as  the  embankment  advanced  from  A 
No  tipping  over  the  sides  of  embankments  should  be  allowed; 
for  the  earth  so  tipped  is  Uable  afterwards  to  slip  off 

II.  In  thick  layers. — This  process  has  been  used  in  some  em- 
bankments of  great  height  It  consists  in  completing  the  construc- 
tion of  the  embankment  up  to  a  certain  height  by  the  process  of 
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tipping  over  the  end  already  described;  leaving  tliat  layer  for  a 
time  to  settle,  and  then  making  a  second  layer  in  the  same  way, 
and  ao  on.  It  involves  much  additional  time  and  labour,  and  is 
seldom  employed.  It  is,  however,  useful  in  making  embankments 
of  hard  clay  or  shale,  which,  inrhen  first  tipped,  consists  of  angular 
lumps  that  lie  with  vacant  spaces  between  them,  and  do  not  form  a 
compact  mass  until  partiaUy  softened  and  broken  down  by  the 
action  of  air  and  moisture. 

III.  In  tkin  lasers. — This  process  consists  in  spreading  the  earth 
in  horizontal  layers  of  fix>m  9  inches  to  18  inches  deep,  and  ramming 
each  layer  so  as  to  make  it  compact  and  firm  before  laying  down 
the  next  layer.  Being  a  tedious  and  laborious  process,  it  is  used  in 
special  cases  only,  of  which  the  principal  are,  the  filling  behind 
retaining  walls,  behind  wings  asd  abutments  of  bridges  and  culverts, 
and  over  their  arches,  and  the  embankments  of  reservoirs  for 
▼ater. 

The  labour  of  spreading  earth  in  layers  and  ramming  it  may  be 
estimated,  in  general,  at  from  once^cmd-nt'Siscth  to  one&'and'Ct-tfkird 
tbst  of  shovelling  it  into  a  barrow.    (See  Article  194,  p.  337.) 

200.  BHbaiakivg  mi  8M«i#Bg  cim«m4<— When  the  natural  ground 
bas  a  steep  sidelong  slope,  it  is,  in  general,  necessary  to  cut  its  sur- 
face into  steps  before  making  the  embankment,  in  order  that  the 
latter  may  not  slide  down  the  slope.  In  the  cross-section,  fig.  163, 
the  dotted  line  A  B  repre- 
sents the  natural  surface  of 
the  ground,  Q  E  B  a  side- 
eotiang,  and  A  D  Q  an  em- 
hankment,  resting  on  steps 
▼hich  have  been  cut  be- 
tween A  and  Q.  The  best 
position  for  those  steps  is  ^' 

perpendicular  to  the  axis  of  greaiett  preu/wn^  whose  inclination 
to  the  vertical  is  given  by  equation  14  of  Article  183,  p.  322;  so 
that,  if  A  D  is  inclined  at  the  angle  of  repose,  the  steps  near  A 
should  be  inclined  to  the  horizon,  in  the  opposite  direction  to  A  D, 
at  the  angle  given  by  equation  16,  p.  322;  while  the  steps  near  Q 
may  be  leveL  It  is  better  to  make  the  steps  steeper  than  the  in- 
clination given  by  this  principle  than  to  make  them  flatter. 

201.  BMb«idUa«  •Tcr  ami  acav  n«*Mirr.— In  embanking  over 
cnlveTts  (that  is,  covered  drains  of  masonry  or  brickwork),  near 
retaining  walls,  or  near  the  abutment  and  wing  walls  of  bridges, 
care  must  be  taken  not  to  injure  the  masonry  by  shocks  from  the 
&U  of  earth,  or  by  ill-distributed  or  sudden  pressures. 

For  the  purpose  of  preventing  shocks,  the  precaution  is  taken 
already  mentioned  in  Article  199,  above,  of  spreading  the  earth  in 
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immediate  contact  with  the  masonry  in  thin  lajem,  and  ramming 
each  layer.  For  this  purpose,  dry  matenals  should  be  chosen,  that 
will  let  water  drain  off  easily,  such  as  shivers  of  stone,  graTel,  and 
clean  coarse  sand.  This  rammed  earth  shoidd  fill  ail  the  space 
between  the  wing  walls  of  bridges,  and  extend  back  firom  retaining 
walls,  and  from  the  abutments  of  bridges  and  culverts,  ten  feet  or 
thereabouts.  Over  the  arches  of  culverts,  the  earth  rammed  in 
thin  layers  should  rise  to  at  least  half  the  height  of  the  proposed 
embankment;  the  remainder  may  be  tipped  in  the  common  way. 

For  the  purpose  of  preventing  unequal  lateral  pressures  against 
bridges  and  large  culverts,  care  should  be  taken  (by  the  aid,  if 
necessary,  of  timber  platforms  to  carry  the  tem|x>rary  rails),  that  the 
embankment  is  carried  up  at  both  sides  of  the  structure  at  onoe, 
and  as  nearly  as  possible  to  the  same  height  at  the  same  timei 

202.  i»ff«iMige  •r  BMitoafcflieatik— The  position  and  use  of  the 
catchwater  drain  near  the  foot  of  the  slope  has  already  been  ex- 
plained in  Article  189,  p.  334.  The  construction  of  culverts,  for 
carrying  drainage-water  below  embankments,  will  be  treated  of 
tmder  the  head  of  Masonby.  Ground  in  which  springs  rise  ahould 
be  avoided  altogether,  if  possible;  but  if  it  is  absolutely  necessary 
to  embank  over  a  spring*  a  culvert  may  be  btdlt  to  carry  its  water 
clear  of  the  embanlanent 

203.  BMbaMhrnent  ta  ■  Qreia  Pi«te«— WhcD  a  line  of  conveyance 
is  carried  acrass  an  extensive  plaiu,  it  is  almost  always  necessary,  in 
order  to  keep  its  surface  dry,  that  it  should  be  raised  above  the 
general  level  of  the  ground;  and  where  inundations  occur,  tJie 
requisite  height  may  be  considerable.     In  fig.  164,  A  represents  a 
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Fig.  164. 

cross-section  of  an  embankment  for  this  purpose,  the  materials  for 
which  are  obtained  by  digging  a  pair  of  trenches,  B,  0,  alongside  of 
it.  These  trenches,  by  collecting  surface-water  and  dischai^ng  it 
into  the  nearest  river  or  other  main  drainage  channel,  tend  to 
shorten  the  duration  of  floods  in  the  neighbourhood  of  the  Una 

204.  BatitoaiuBeMts  •■  s«ft  c»ro«M«i.>>When  the  ground  is  so  soft 
that  an  embankment  made  in  the  ordinary  way  would  sink  in  it, 
different  expedients  are  to  be  employed,  according  to  the  kind  and 
degree  of  difficulty  to  be  overcome.  The  following  list  of  expedients 
is  arranged  in  the  order  of  an  increasing  scale  of  difiiculty  :-r- 

I.  By  digging  side-drains  parallel  to  the  site  of  the  intended 
embankment,  the  firmness  of  the  natural  ground  may  be  increased 

II.  If  the  material  of  the  natural  ground  has  a  definite  angle  of 
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repose,  iiKragii  nrach  flatter  than  that  of  the  material  of  the  em- 
bankment^  the  slopes  of  the  embankment  may  be  formed  to  the  same 
angle,  thus  giving  it  a  broader  foundation  than  it  would  have  with 
its  own  natural  slope. 

III.  A  foundation  may  be  made  for  the  embankment  by 
digging  a  trench  and  filling  it  with  a  stable  materiaL  In  fig  160, 
A  £  F  B  represents  the 
croaa-aectioii  of  an  intended 

embankment,  and  A  C  D  B  a  >^ ^s  ,__ 

that  of  the  trench  to  be  

dug  for  its  fbnndationy  the  ^  Fiir  165  ^ 

edges  of  the  base  of  the 

tr»ch,  Gy  Dy  being  vertically  below  those  of  the  top  oi  the 

oikbankmenty  £,  F.     To   design  these  cross-sections^  proceed  aM 

IbUows: — 

Let  A  =  G  £  denote  the  height  of  the  proposed  embankment; 

to,  the  weight  of  a  cubic  foot  of  its  material ; 

vff  the  weightof  a  cubic  foot  of  the  material  of  the  natural  ground; 

^\  its  angle  of  repose ; 

h'=  G  C,  the  required  depth  of  the  foundation ; 

1+sm^ 
then  the  depth  of  the  foimdation  is  given  by  the  formula, 

y   *j^ (1.) 

The  slopes  of  the  trench,  C  A,  D  B,  should  be  inclined  at  the 
ao^e  of  repose  of  the  soft  material;  so  that  the  breadth  of  each 
will  be 

AG  =  A'-cotan^'; (2.) 

SDd  this  fixes  also  the  inclination  of  the  slopes  of  the  embankment, 
A  £,  B  F,  without  reference  to  the  angle  of  repose  of  its  materiaL 

lY.  The  ground  may  be  compressed  and  consolidated  by  means 
of  short  pilea  This  method  will  be  farther  explained  under  the 
head  of  Fouvdations. 

Y.  The  embankment  may  be  made  of  materials  light  enough  to 
form  a  sort  of  rait,  floating  on  the  soft  ground,  such  as  hurdles, 
fiisdoes,  or  dry  peat.  The  use  of  fiiscines  will  be  further  explained 
in  a  later  chapter.  Dry  peat  was  the  material  used  by  George 
Stephenson  to  carry  the  Liverpool  and  Manchester  Railway  act-oss 
Out  Mom*     2t0  heavine^,  when,  well  dried  in  the  air,  is  about 
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30 lbs.  per  cubic  foot;  and  when  saturated  with  water,  63113&  On 
the  dry  peat  embankment  was  placed  a  platform  of  two  layers  of 
hurdles,  to  cany  the  ballast 

YI.  Should  all  other  expedients  ftil,  a  moss  or  bog  may  still  be 
crossed  by  throwing  in  stones,  gravel,  and  sand,  until  an  embank- 
ment is  formed,  resting  on  the  hard  stratum  below  the  mosSy  and 
with  its  top  rising  to  the  required  level  It  is  found  that  the 
material  of  the  embankment  assumes  the  same  natural  slope  that  it 
would  do  in  the  air. 

20*5.  OreMtas,  mmmm^,  ■■«  PUeiitag  gi»pgfc — ^The  slopes,  both  of 
embankments  and  cuttings,  are  to  be  dressed  to  smooth  and  r^ular 
surfaces,  and  covered  with  a  layer  of  soil,  which  varies  from  3 
inches  to  6  inches  in  depth,  acconiing  to  the  practice  of  diffeivnt 
engineers,  and  is  sown  with  grass-seed. 

The  Ic^HJwr  of  dressing  tHapea  is  nearly  equivalent  to  that  of 
digging  about  half-a-foot  deep  in  loose  mould  over  the  same  area  of 
surSice;  and  that  of  spreading  the  soil  is  about  the  same  with  that 
of  shovelling  it  into  a  barrow.     (See  p.  337.) 

Slopes  of  embankments  which  are  exposed  to  still  wat^  may  be 
faced  or  *' pitched"  with  dry  stone  about  a  foot  thick.  The  protection 
of  ^opes  ajQ^ainst  waves  and  currents  falls  under  the  head  of 
Hyctraulic  Engineering. 

206.  ciar  ^aMie  is  used  to  make  embankments  and  channels 
water-tight,  and  to  protect  masonry  against  the  penetration  of 
water  from  behind.  The  proper  material  for  it  is  clay,  freed  from 
all  large  stones,  roots  of  plants,  and  the  like,  and  containing  as 
much  sand  and  fine  gravel  as  is  consistent  with  its  holding  water; 
if  there  is  too  little  sand,  the  puddle  is  liable  to  crack  in  dry 
weather.  It  is  made  by  working  the'  clay  in  layers  about  9  inches 
thick^  with  enough  of  water  to  reduce  it  to  a  pasty  oonditiony  by 
means  of  a  tool  that  has  a  sort  o{ poaching  action,  until  it  becomes 
a  perfectly  uniform  and  compact  masa  The  labour  is  about  five 
times  that  of  shovelling  the  same  quantity  of  materiaL 

207.  4^wmrrTimu  «ikl  BiaMiag  r^kIk. — Eock  that  is  too  hard  to  be 
split  with  the  pick,  the  crowbar,  or  the  quarryman's  hammer,  and 
not  so  hard  as  to  require  blasting  with  gunpowder,  can  be  quarried 
in  blocks,  by  cutting  grooves,  or  boring  hcdes,  in  the  upper  surface 
of  a  bed,  inserting  blunt  steel  wedges  in  them,  and  driving  those 
wedges  with  a  hammer  until  a  block  splits  off  from  the  layer. 
Gauthey's  estimate  of  the  labour  of  this  operation,  per  cubic  yard 
of  rock,  is  about  0*4  of  a  day's  work  of  a  man;  but  it  varies  very 
much  for  different  kinds  of  rock. 

The  processes  of  blasting  with  gunpowder  may  be  divided  into 
amall  blcuta  and  grecU  blasts, 

L  A  smaU  blast  is  made  by  boring  with  a  jumper  (Article 
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187,  p.  33S),  a  hole  in  the  rock,  whose  diameter  varies  from  1  inch 
to  6  indies,  or  thereabouts,  and  its  depth  from  one  foot  to  30  feet. 
Fart  of  the  depth  of  the  hole  is  filled  with  coarse-grained  gun- 
powdery  poured  in  through  a  tube  reaching  nearly  to  the  bottom, 
and  the  remainder  of  the  hole  is  rammed  with  what  is  called 
**  tampii^,"  consisting  of  chips  of  rock,  sand,  clay,  and  other  such 
mAtraials;  the  best  material  being  dry  clay.     Care  is  to  be  taken 
never  to  use  materials  that  may  strike  fire,  and  not  to  ram  hard  until 
^ere  are  some  inches  of  material  between  the^  tamping-bar  and  the 
powder.   The  fuse  may  be  protected  by  traversing  a  tube,  or  a  groove 
in  a  piece  of  wood.     It  should  bum  at  the  rate  of  about  2  feet  per 
minute.    The  besft  fuse  for  this  purpose  is  known  as  "  Bickford's." 
The  explosion  of  the  powder  splits  and  loosens  a  mass  of  rock 
whose  volume  is  approximately  proportional  to  the  cube  of  the  line 
fiflMtt  reBtstance, — ^that  is,  in  general,  of  the  shortest  distance  from 
tiie  duiFge  to  the  surface  of  the  rock — and  may  be  roughly  estimated 
it  twice  tiiat  cube;  but  this  proportion  varies  very  much  in  different 


The  proportion  of  the  toeiffht  of  rock  looeened  to  the  weight  qf 
powder  exploded  ranges  from  about  7,000  : 1  to  14,000  : 1,  and  may 
be  taken  on  an  average  at  10,000  : 1. 

The  ordinary  rule  for  the  weight  of  powder  in  small  blasts  is, 

,      .    „          (line  of  least  resistance  in  feet)*      .,  . 
powder  in  lbs.  =  ^^ ^^ '—,  •••(i-) 

A  test  of  the  strength  of  blasting  powder  is,  that  2  ounces,  or 
jth  of  an  avoirdupois  pound  of  it,  being  fired  in  an  eight-inch 
mortar  elevated  at  an  angle  of  45°,  should  throw  a  68  lb.  ball  to  a 
distance  of  240  feet. 

Another  test  is  by  firing  2  ounces  of  powder  in  the  **  eprouvette 
gon/*  its  bore  is  27*6  inches  long,  and  If  inch  in  diameter; 
it  weighs  ^^  Iba ;  it  is  hung  in  a  frame  like  a  <*  ballistic  pendulum,'* 
and  its  recoil  is  measured  on  a  graduated  arc.  (lood  powder  fit  for 
bbsting  gives  a  recoil  of  about  20  degrees. 

One  lb.  of  powder  in  a  loose  state  occupies  about  30  cubic 
inchea  By  compression,  it  may  be  squeezed  into  27^,  or  there- 
abouta 

Thirfy  cubic  inches  are  equal  to  38-2  fiylindrical  wchee;  and 
this  IS  the  length  of  hole,  one  inch  in  diameter,  required  to  hdd  one 
lb,  o/  powder.  The  corresponding  length  for  other  diameters 
varies  inversely  as  the  square  of  the  diameter. 

A  blast  acts  most  efficiently  when  the  line  of  least  resistance 
(beings  in  sound  rock  of  uniform  strength,  the  shortest  line  from 
the  chaige  to  the  sui&ce),  is  perpendicular  to  the  axis  of  the  bore- 
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hole.  It  acts  least  efficiently  when  the  line  of  least  resistaiice  is 
the  axis  of  the  bore-hole  itseUL  It  is  not  always  possible  to  jump  a 
hole  perpendicular  to  the  intended  line  of  least  resistance;  but  the 
hole  should  always  be  made  to  form  as  great  an  angle  with  that 
line  as  possible. 

If  a  charge  £uls  to  explode,  the  tamping  may  be  bored  out  ^with. 
the  auger  (p.  332),  a  new  fuse  put  in,  and  the  hole  re-tamped,  l^hia 
process,  however,  is  not  wholly  free  from  danger;  and  the  safest 
method  is  to  jump  a  new  hole  near  the  first,  and  put  in  a  fresh 
charge  of  powder,  the  ez{dosion  of  which  wilL  probably  be  com- 
municated to  the  former  charge. 

The  labour  of  jumping  holes  varies  very  much  for  different 
qualities  of  rock.  It  is  performed  either  by  two  men  striking  the 
jumper  with  hammers,  while  a  man  or  boy  turns  it,  or  by  one  or 
two  men  raising  it  and  letting  it  drop;  tiie  latter  being  the  more 
efficient  method,  but  wearing  out  the  jumper  fiEister  than,  the 
other.  The  jumper  used  for  the  latter  process  is  called  the 
"  chum  jumper." 

The  following  are  examples  of  the  day's  work  per  man  pei> 
formed  in  jumping  holes: — 

Cylindricil  Incba 
of  Hole. 

In  granite,  by  hammering, loo  to  150 

„         by  "churning," 200  nearly 

In  limestone, 500  to  700 

In  granite,  jumpers  require  to  be  sharpened  about  once  for  each 
foot  bored,  and  steeled  once  for  each  16  or  20  feet;  and  the  length 
of  iron  wasted  in  using  them  is  about  one-tenth  of  the  depth 
bored. 

The  lower  ends  of  holes  in  limestone  have  sometimes  been 
enlarged  to  form  a  chamber  for  the  powderj  by  the  aid  of  dilute 
nitric  acid.  A  double  tube,  consisting  of  an  outer  tube  of  copper 
with  a  tube  of  lead  within  it,  is  passed  down  to  the  bottom  of  the 
hole;  the  inner  tube  has  a  funnel  on  the  top  into  which  the  dilate 
acid  is  poured ;  it  passes  down,  and  dissolves  the  lime  of  the  lime- 
stone; the  carbonic  acid  gas  disengaged  forms,  with  the  solution  of 
nitrate  of  lime,  a  stream  of  froth,  which  rises  through  the  space 
between  the  inner  and  outer  tubes,  and  escapes  through  a  lateral 
bent  spout  near  the  top  of  the  latter. 

II.  A  great  blast  is  made  by  excavating  a  vertical  shaft  or  a 
horizontal  heading  in  the  mass  of  rock,  which  should  turn  at  right 
angles  at  least  once  on  its  way  to  the  powdei^chamber  at  its  end,  in 
order  that  the  tamping  may  not  be  blown  out     Sudi  shafts  and 
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lie&dingB  Taij  from  3 j  feet  square  to  3^  feet  by  5  feet  or  there- 
alxnits,  and  the  labour  required  to  make  them  Taries  from  2  days' 
to  6  days'  ^ork  of  a  miner  per  lineal  foot.     The  mine  being  swept 
out  and  its  floor  covered  with  a  matting  of  old  sacks,  the  gun- 
powder is  placed  in  the  chamber  in  a  deal  box,  whose  size  is 
r^nlated  by  the  &ct  that  1  lb.  of  gunpowder  fills  about  30  cubic 
inches ;  a  small  qnantitf  of  finer  powder  in  a  bag  or  case  forms  the 
'"bursting  charge,"   and  ib  traversed  by  a  fine  platinum  wire, 
ooonecting  a  pair  of  copper  conducting  wires  with  each  other.  These 
are  coated  with  Indian  rubber  or  gutta-percha^  or  otherwise  in- 
Bdated,  and  protected  by  being  plac^  in  a  groove  in  a  wooden  bar. 
The  entrance  of  the  chamber  is  closed  with  a  wall  of  turf,  and  the 
rest  of  the  mine  "  tamped  "  by  being  built  up  either  with  rubble 
nttsonzy  or  with  a  mixture  of  stones  and  clay.      When  the  work- 
men have  removed  to  a  safe  distance,  the  conducting  wires  are 
connected  with  the  opposite  ends  of  a  galvanic  batteiy,  when  the 
electric  current  raises  the  platinum  wire  to  a  white  heat^  and  fires 
thediarge. 

The  chief  use  of  the  electrical  apparatus  is  to  fire  several  charges 
eisctly  at  the  same  instanl  When  one  charge  only  is  to  be  fired, 
a  safety  fuse  may  be  used. 

According  to  Mr.  Sim,  the  chamber  of  the  mine  should  be  so 
placed,  that  the  line  of  least  resistance  may  be  about  two-thirds 
of  the  height  of  the  rock  to  be  loosened. 

In  great  blasts  the  proportion  of  the  weight  of  the  rock 
loosened  to  that  of  the  powder  exploded,  ranges  from  4,500 : 1 
to  neariy  13,000  :  1,  and  is  on  an  average  about  6,000  : 1  or 
/,000 : 1. 

The  ratio  of  the  number  of  lbs.  of  powder  to  the  cube  of  the 
number  of  feet  in  the  line  of  least  resistance  ranges  from  1  :  32  to 
1 :  10;  bat  the  best  mode  of  fixing  the  quantity  of  powder  is  to 
estimate  roughly  the  weight  of  the  mass  of  rock  which  is  likely  to 
be  loosened,  and  use  from  ^  to  ^  of  a  lb.  of  powder  for  each  ton  of 
rock. 

In  choosing  the  positions  of  bores  and  mines  for  blasting,  regard 
shoald  be  had  to  the  natural  veins  and  fissures  of  the  rock,  as 
means  of  &cilitating  its  detachment  from  its  bed. 

Blasting  under  water  will  be  considered  in  a  later  part  of  this 
treatise.* 

*  On  tbe  rabject  of  blasting  rock  the  following  aathorities  mar  be  consulted: — 
Gooal  Sir  John  Fox.  Bnrgoyne,  "On  Blasting  and  Quarrying;"  a  paper  by  Mr. 
Williini  Sim,  "  On  the  Quarrying  and  Blasting  of  Rocks,"  read  to  the  British 
jbndidoD  in  1856;  and  a  paper  by  Mr.  George  Robertson,  "On  the  Large  Blasts 
il  fldrbead,"  read  to  the  Royal  Scottish  Society  of  Arts,  and  published  in  the 
Gsud^imr  m^  ArckUecCi  JoumaJLt  for  Febniary  and  March.  1861. 
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Table  of  the  Heavinebs  of  Rock. 


Lbs.  in  one 
Cable  Foot 

Basalt^ 187 

Chalk, 117  to  174 

Felspar, 162 

Flint, 164 

Granite, 164  to  172 

Limestone, 169  to  175 

„       magnesian,       178 

Quartz, 165 

Sandstone,  average, ...       1 44 

„        diiferent  1  . 

kkfda, }  130  to  157 

Shale, 162 

Slate  (Clay), 175  to  181 

Trap, 170 


Lbn.  in  one 
CnbioTeid. 

5060 
3160  to  4730 

4370 

4430 
4430  to  4640 

4560  to  4720 

4810 

4450 
3890 

3510  to  4240 

4370 

4720  to  4890 

4590 


Cable  Feet 
to  a  Ton. 

12 

19-1  to  12-9 

138 
13-6 

13-6  to  13 

I3'2  to  12-8 
12-6 

13-6 

17 "2  to  14*3 

13-8 
12*8  to  12*4 

i3'2 
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208L  flmwanrad  CTiumMtcn  mi  mmmm^ — In  the  last  Article  of  the 
preceding  chapter,  rocks  or  natural  stones  were  considered  in  the 
%fat  of  materials  to  be  excavated.  They  have  now  to  be  considered 
k  the  light  of  materials  for  building. 

The  geological  position  of  rocks  has  but  little  connection  with 
their  properties  as  building  materials.  As  a  general  rule,  the  more 
mdent  rocks  are  the  stronger  and  the  more  durable ;  but  to  this 
there  are  many  exceptions.  The  properties  or  characters  of  rocks 
whxth.  are  of  most  importance  in  an  engineering  point  of  view  are 
of  two  kinds;  the  structural  and  the  chemicaL 

"With  respect  to  the  structural  character  of  their  large  masses, 
rocks  maybe  divided  into  two  great  classes, — I.  The  unstratified,  11. 
The  stratified,  according  as  they  do  not  or  do  consist  of  flat  layers. 

L  The  Unttratified  Rocks  are  beUeved  to  have  become  solid  more 
or  leas  slowly,  and  under  a  greater  or  less  pressure,  from  a  melted 
states  They  are,  for  the  most  part,  hard,  compact,  strong,  and 
durable. 

It  is  in  general  obvious  that  the  great  masses  of  unstratified  rocks 

are  built,  as  it  were,  of  blocks,  which  separate  from  each  other  when 

the  rock  decays.     Li  granite,  for  example,  those  blocks  are  oblique 

hexaedrons — in  other  words,   rhomboidal  prisms,   sometimes  of 

enormous  size;  in  basalt,  they  are  regular  hexagonal  or  pentagonal 

prisms,  built  up  into  columns;  in  trap,  they  are  irregular  prisms, 

sometimes  approximating  imperfectly  to  the  columnar  form  of  basalt. 

In  many  cases  the  further  progress  of  decay  rounds  off  the  comers 

and  edges  of  the  blocks,  and  converts  them  into  boulders,  which 

i^ow  a  tendency  to  break  up  into  concentric  oval  layers.     In 

all  cutting,  qoarrying,  and  blasting  of  unstratified  rocks,  the  work 

is  much  facilitated  by  taking  advantage  of  the  natural  joints  between 

the  blocks,  at  which  the  rock  is  more  easily  divided  than  elsewhera 

In  their  more  minute  structure  the  unstratified  rocks  present, 

for  the  most  part^  an  aggregate  of  crystalline  grains,  firmly  fuihering 

testier.     In  granite  and  syenite,  tiiese  crystals  are  comparatively 

hm  and  coiispi<^<^^i  ^  isnuf^f  they  are  much  smaUer  and  leas  dis- 
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tinct;  in  basalt,  they  are  almost  invisible,  and  the  stmctnre  is 
almost  glassy;  in  lava,  it  is  decidedly  glassy.  Amongst  varieties 
of  structure  in  unstratified  rocks,  are  the  porphyritic,  where 
detached  crystals  of  one  substance  are  imbedded  in  a  mass  of 
another;  and  the  cellular,  where  the  mass  contains  a  number  of 
spherical  or  oval  cavities,  as  if,  in  its  fonner  melted  state,  it  h&d 
air-bubbles  dispersed  in  it. 

Masses  of  unstratified  rock  are  often  traversed  by  veins  or  cracks, 
sometimes  empty,  sometimes  lined  on  the  sides,  and  sometimes 
filled  with  crystalline  masses  of  various  minemls.  Such  veins 
facilitate  the  division  of  the  rock  where  they  traverse  it. 

II.  Strat^ied  Rocks  consist  of  a  series  of  parallel  lay^^s,  evideiitl  j^ 
deposited  finom  water,  and  originally  horizontal,  although  in  nnoeEt* 
cases  they  have  become  more  or  less  inclined  and  curved  by  the 
action  of  disturbing  forces.  It  is  easier  to  divide  them  at  the 
planes  of  division  between  those  layers  than  elsewhere.  They  are 
traversed  by  veins  or  cracks,  sometimes  «mpty,  sometimes  oontain- 
ing  crystals,  sometimes  filled  with  <' dykes,*'  or  masses  of  un- 
stratified rock.  Those  veins  or  dykes  are  often  acoompamed  by  a 
'^  fault,"  or  abrupt  alteration  of  the  levels  of  the  strata. 

It  is  in  the  immediate  neighbourhood  of  masses  of  unstradfied 
rock  that  the  stratified  rocks  show  the  greatest  effects  of  the  action 
of  disturbing  forces  in  the  inclination,  curvature,  and  distortion  of 
their  layers.  In  such  positions,  too,  they  often  appear  to  have  had 
their  structure  altered  by  heat  and  intense  pressure,  and  to  have 
been  rendered  harder  and  more  compact. 

Besides  its  principal  layers  or  strata,  a  mass  of  stratified  rook  is 
in  general  capable  of  division  into  thinner  layers;  and  although  the 
surfaces  of  division  of  the  thinner  layers  are  often  parallel  to  those 
of  the  strata,  they  are  also  often  oblique,  or  even  perpendicular  to 
them.  This  constitutes  a  latmnated  structure.  liiminated  stones 
resist  pressure  more  strongly  in  a  direction  perpendicular  to  their 
laminae  than  parallel  to  them ;  they  are  more  tenacious  in  a  direction 
parallel  to  their  lamina  than  perpendicular  to  them;  and  tiiey 
are  more  durable  with  the  edges  than  with  the  sides  of  their 
laminae  exposed  to  the  air;  and,  therefore,  in  building,  they  should 
be  placed  with  their  lamine  or  ''  beds**  perpendicular,  or  nearly  so, 
to  the  direction  of  greatest  pressure,  and  with  the  edges  of  these 
laminae  at  the  face  of  the  wall 

In  the  more  minute  structure  of  stratified  rocks  the  following 
Varieties  are  distinguished : — 

(1.)  The  compact  crystalline  structure,  as  in  quartz  rock  and 
marble.     This  is  accompanied  by  great  strength  and  durability. 

(2.)  The  elaly  structure,  when  the  rock,  which  is  usually  compact; 
can  be  split  into  innumerable  thin  layers^  oflen  highly  inclined  to 
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the  BtffttificfttioiL  This  structare  is  eonddered  to  have  arisen 
from  inteuie  preasare,  in  a  direction  perpendicular  to  the  layer& 
It  fMnlitates  quarrying.  Some  of  the  stones  in  i^hich  it  oecnrB,  as 
hard  day-slate  and  hornblende-slate,  are  amongst  the  strongest  and 
most  durable  known.     Others  are  soft  and  perishable. 

(3.)  The  grawular  erystaUine  stracture,  in  which  crystalline  gra'is 
either  adhere  firmly  together,  as  in  gneiss,  or  are  cemented  together 
into  one  mass  by  some  other  material,  as  in  sandstona  This 
is  accompanied  by  various  degrees  of  compactness,  porosity, 
s^ength,  and  dural»lity,  frcnn  the  highest  to  the  lowest,  passing 
&t  the  lowest  extreme  into  sand. 

(4)  The  compact  granular  structure,  where  the  grains  are  too 
small  to  be  visible,  and  seem  to  foim  a  continuous  mass,  as  in  blue 
liBiestona  This  structure  is  usually  accompanied  with  consider- 
able  strength  and  durability.  It  passes  by  gradations  oa  the  one 
liand  into  the  compact  crystalline  structure  (1),  and  in  the  other 
into, 

(d.)  The  porous  granular  structure,  in  which  the  gmins  are  not 
cfystalline,  and  are  often,  if  not  always,  minute  shells  cemented 
together,  as  in  oolite.  The  porosity  of  rocks  having  this  structure 
varies  much ;  and  so  also  do  the  strength  and  durability,  which  are 
9p]dom  very  high.  In  these  respects  the  lowest  example  is  soft 
chalk. 

(6.)  The  eonglcmerate  structure,  where  fragments  of  one  materia) 
are  imbedded  in  a  mass  of  another,  as  in  grauwacke. 

The  /raeture,  or  appearance  of  the  broken  surface  of  a  stone,  is 
one  ci  '^he  means  of  lowing  its  structural  character.  The  follow- 
ing are  examples : — 

The  even  fracture,  when  the  surfaces  of  division  are  planes  in 
definite  positions,  is  characteristic  of  a  ciystalline  structure. 

The  tcii6M»  figure,  when  the  broken  snrfiice  presents  sharp 
pr^ections,  is  characteristic  of  a  granular  structure. 

The  dcUy  fracture  is  even  for  planes  of  division  parallel  to  the 
lamination,  and  uneven  for  other  directions  of  division. 

The  oonchoidal  fracture  presents  smooth  concave  and  convex 
sm&ces,  and  is  characteristic  of  a  hard  and  compact  structure. 

The  eaurthy  fracture  leaves  a  rough  dull  surface,  and  indicates 
softness  and  brittlenesa 

209.  ckcnicKi  emmaatmmwktm  •f  8t«HM-— -The  numerous  substances 
wliich  have  not  yet  been  decomposed,  and  which  are  therefore 
provisionaliy  called  ''  elementary  substances"  in  chemistry,  are  all 
fonnd  in  the  composition  of  stone&  These  elementaiy  substances 
fonn.  \w  their  combinations,  a  vast  variety  of  compounds  called 
'^aimpie  minenfcls^"  or  "  mineral  spedes."  Each  simple  mineral  is  a 
defioite  rhpiP'^^^  compound,  and  is  a  homogeneous  suhstanoe;  that 
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is  to  say,  every  particle  of  it  perceptible  to  any  means  of 
is  8imilsu*ly  composed  to  eveiy  other.  Most  simple  minerals  are 
distinguished  also  by  definite  primary  forms  of  ciystallization. 
Two  minerals  which  have  the  same  chemical  composition  may  sdil 
be  distingaished  as  distinct  species,  by  having  different  primaiy 
aystalline  forxns.  Thomson  enumerates  more  than  500  mineral 
species;  Jameson  gives  about  110  genera,  each  containing  from  one 
to  10  species. 

The  masses  which  form  the  earth's  crust,  whether  stony  or  eartby, 
stratified  or  unstratified,  are  made  up  of  simple  minerals,  either 
of  one  kind  or  of  several  kinds,  mixed,  not  chemically  combined. 

There  are  a  few  simple  minerals  which  are  so  much  more  abun- 
dant in  the  earth's  crust  than  the  others,  that  they  fix  the  pre- 
dominant characters,  both  chemical  and  mechanical,  of  the  stones 
into  whose  composition  they  enter;  and  those  minerals  alone,  with 
their  principal  chemical  constituents,  need  be  considered  in  such  a 
treatise  as  the  present. 

The  principal  chemical  constituents  of  those  predominafU  nUnerak 
are  four  Earths,  viz. : — 

I.  SUica,  or  pure  flint  Its  chemical  composition  is  (according 
to  the  Brit^  sade), — 

One  equivalent  of  silicon, 7*5 

One  equivalent  of  oxygen, 8"o 

One  equivalent  of  silica, 15*5 

Silica  exists  uncombined  in  great  abundance,  in  the  form  of 
quartz,  sand,  and  flint  With  other  earths  and  alkalies  it  combines, 
acting  as  an  add.  It  is  not  soluble  in  any  acid  except  the  fluoric, 
nor  when  cr3rstallized  is  it  soluble  in  watex ;  but  by  an  indirect 
process  it  can  be  made  to  form  a  gelatinous  compound  with  water. 

IL  Alumina,  the  base  of  clay.     Its  chemical  composition  is 

Two  equivalents  of  aluminium, 27*4 

Three  equivalents  of  oxygen, 24*0 

One  equivalent  of  alumina, 51*4 

Alumina  exists  uncombined  in  the  ruby  and  sapphire  alone^  In 
combination  with  other  earths,  it  exists  in  great  abundanoa  It 
acts  either  as  an  acid  or  as  a  base.  It  forms  a  paste  with  water; 
and  by  indirect  processes,  can  be  made  to  form  a  gelatinous  com- 
pound with  water. 

IIL  Lime  is  thus  composed, — 

One  equivalent  of  calcium, 20*5 

One  equivalent  of  oxygen, 8*0 

One  equivalent  of  lime, 28*5 
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lime  does  not  exist  in  nature  uncombined;  but  in  combination 
^th  carbonic  acid  and  with  other  earths  it  is  veiy  abundant.  It 
is  stronglj  alkaline,  and  soluble  to  a  small  extent  in  water. 

rV.  Magnesia  is  thus  composed — 

One  equivalent  of  magnesium, I3'7 

One  equivalent  of  oxygen, 8*o 

20*7 


Mflgneaa  is  not  found  in  nature  uncombined;  in  combination 
with  carbonic  acid  and  with  other  earths  it  is  abundant,  though 
not  80  much  so  as  the  three  earths  before-mentioned.  It  is  alkaline, 
but  not  so  highly  so  as  lime,  and  is  very  sparingly  soluble  in 
water. 

In  some  of  the  predominant  minerals  the  two  following 
Alkalies  are  found,  combined  with  earths.  Their  presence  in 
stone  promotes  its  decomposition  when  exposed  to  the  weather : — 

Names.  Compodtimi.  Eqaivalent 

V.  PoUuh, Potassium  39*15  +  oxygen  8  =  47*15 

0 

VL  Soday Sodium       33-3  +  oxygen  8  s=  31*3 

The  following  Agio  exists  abundantly  in  oombiuation  with  lime 
and  magnesia. 

VIL  Carbonic  Add,,..  Carbon  6  +  oxygen  i6  =  22. 

The  preaeuce  of  carbonic  acid  in  stones  is  made  known  by  their 
effervescing  when  acted  upon  by  stronger  acids. 

The  metals  iron  and  manganese  also  enter  into  the  composition 
of  the  predominant  minerals,  in  quantities  comparatively  smaU. 
Their  chemical  equivalents  are.  Iron,  28;  Manganese,  27*7. 

210.  The  PTOdmtaaBi  niiMnili  te  Mmms  are  the  following : — 

L  Quartz  is  pure  sOica.  Its  heaviness  is  from  2*5  to  2*7  times 
that  of  water.  Its  primary  crystalline  form  is  a  rhombohedron. 
Its  most  common  external  crystalline  form  is  a  regular  six-sided 
prism,  with  a  six-sided  pyramidal  summit. 

When  it  occurs  in  transparent  crystals^  colourless  or  coloured,  it 
is  called  rock-crystal.  In  a  compact,  translucent  mass,  it  is  called 
homiUme.  In  dark-colonred,  translucent  lumps,  which  are  scattered 
through  the  chalk,  it  is  called  JlirU,  In  grains,  or  small  crystals, 
more  or  less  rounded  at  the  edges  and  comers,  it  forms  sand.  There 
are  various  other  forms  of  quartz,  which  it  is  unnecessary  to  men- 
tion.   It  is  the  most  hard  and  durable  of  all  the  predominant 

2a 
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II.  Felspab  is  a  mineral  genus  of  compoands  of  eaiihs  ancl 
alkalies,  of  which  the  three  species  whose  composition  is  giTen 
below  are  the  most  abundant^  especially  the  first.  Their  heayiness 
is  from  2*5  to  2 '8  times  that  of  water. 

1.  Common  Fdspcvr,  or  Potash  Fdapavr,  is  composed  of  silica^ 
alumina,  and  potash,  in  proportions  which  nearly  agree  with  ^le 
following  constitution : — 

12  equivalents  of  silica; 
1  equiyaleut  of  alumina; 
1  equivalent  of  potash. 

2.  Soda  Fdtpar  has  the  whole  or  part  of  the  potash  replaced  hy 
an  equivalent  quantity  of  soda. 

3.  Lvme  Fdipofr  has  the  whole  or  part  of  the  potash  replaced  by 
an  equivalent  quantity  of  lima 

Felspar,  with  a  crystalline  or  compact  granular  structure,  forms 
the  wlute  or  flesh-coloured  grains  and  crystals  which  are  seen  in 
mnite,  porphyiy,  and  some  other  rocks  to  be  afterwards  mentioned. 
With  a  slaty  structure,  it  forms  dinktion/e.  With  a  soft  granular 
structure  and  earthy  fracture,  it  fonns  aiaysUme,  It  pres^its  all 
degrees  of  hardness  and  durability. 

IIL  HoBirBLKNDE  presents  great  varieties  in  appearance  and 
composition.  Its  heaviness  is  from  2*7  to  3*2  times  that  of  water. 
The  composition  of  the  white  variety  agrees  neariiy  with  the 
following  constitution : — 

9  equivalents  of  silica; 
3  equivalents  of  magnesia; 
1  equivalent  of  lime; 

and  there  is  also  a  small  quantity  of  fluorine,  which  may  be  com- 
bined with  part  of  the  calcium.  The  most  common  varieties  are 
the  dark-green  and  the  black,  in  which  part  of  the  silica  appears  to 
be  repla<^  by  alumina,  in  the  proportion  of  one  equivalent  of 
alumina  for  three  of  silica,  and  part  of  the  magnesia  by  an  equiva- 
lent quantity  of  protoxide  of  iron. 

Dark-green  or  black  hornblende  forms  a  great  part  of  the  mass 
of  greenstone  or  trap.  It  occurs  in  crystals,  fibres,  and  grains,  and 
has  a  glassy  lustre,  and  a  fractui'e  sometimes  conchoidal,  sometimes 
uneven,  sometimes  slaty.  It  is  one  of  the  toughest  and  most 
durable  of  mineraU. 

lY.  AutsiTB  much  resembles  hornblende  in  all  its  properties. 
The  composition  of  its  white  varieties  agrees  nearly  wil^  the 
following: — 

4  equivalents  of  silica; 
1  equivalent  of  magnesia; 
1  equivalentfof  lime; 
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while  in  the  greeo.  and  black  varieties,  part  of  the  magnesia  appears 
to  be  replaced  by  an  equivalent  quantity  of  protoxide  of  iron. 

y.  Mica  is  distinguished  by  having  a  laminated  structure,  so 
that  it  either  consists  of  or  can  easily  be  split  into  transparent  or 
aemi-tnuisparent  layers  or  scales.  It  is  flexible,  and  so  soft  that  it 
can  be  cut  with  a  knife.  Its  heaviness  is  from  2 '8  to  3  times  that 
of  water.    The  composition  of  one  variety  is  nearly  as  follows : — 

30  equivalents  of  silica ; 

4  equivalents  of  alumina ; 
3  equivalents  of  potash ; 

5  equivalents  of  oxides  of  iron  and  of  manganese. 

In  other  varietieB  pai-t  of  the  potash  would  seem  to  be  replaced  by 
lithia,  and  by  an  additional  quantity  of  oxides  of  iron  and  of  man* 
ganese.    Some  kinds  contain  fluorine. 

YL  Chlorite,  or  green  earth,  is  a  compound  of  the  silicates  of 
magnesiay  alumina^  potash,  and  oxide  of  iron,  with  some  water.  It 
resembles  mica  in  its  laminated  structure,  and  in  its  softness  and 
flexibility.  .  Its  heaviness  is  from  2'7  to  2'8  times  that  of  water.  It 
oocoxs  in  small  scales^  in  laige  sheets,  and  in  slaty  masses. 

YIL  Cabbohate  of  Lime  consists  of  one  equivalent  of  carbonic 
acid  and  one  of  lime.  It  forms  all  the  varieties  of  marble  and 
limestoneL     These  stones  will  be  further  described  afterwards. 

VIIL  DoLOJfiTE  is  a  compound  of  carbonate  of  lime  and  car- 
bonate of  magnesia^  in  the  proportion  of  about  two  equivalents  of 
the  former  to  one  of  the  latter.  It  forms  various  magnesiau  lime- 
stones, to  be  described  further  on. 

211.  gftia  CteMed^ — ^The  stones  used  in  building  are  divided 
into  three  classes,  each  distinguished  by  the  earth  whidi  forms  its 
chief  constitnentb     These  are— > 

L  SUieeous  Stones. 
IL  ArgiUaeeoue  Stanee, 
HL  Caleamoue  Stones. 

212.  muumumm  Witmmm  are  those  in  which  silica  is  the  characteristic 
earthy  constituent  With  a  few  exceptions  their  structure  is 
erytialline-grainular,  and  the  crystalline  grains  contained  in  them 
are  hard  and  durable;  so  that  weakness  and  decay  in  them  gene- 
rally arise  from  the  decomposition  or  disint^ration  of  some  softer 
and  more  perishable  material,  by  which  the  grains  are  cemented 
together,  or  by  the  freezing  of  water  in  their  poi-es,  when  tjiey  are 
porous. 

The  following  are  the  principal  siliceous  stones  used  in  building : — 

L  GBAinTE  and  Syenite  are  unstratified  rocks,  consisting  of 

qiurtz^  felspar/  mica,  and  homblenda   The  name  granUe  is  speciaUy 

applied  to  those  specimens  in  which  there  is  little  or  no  hornblende; 
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the  name  iyemte  to  those  in  which  there  is  little  or  no  mica;  but 
both  are  popularly  known  as  ffranite. 

The  quartz  is  in  the  form  of  clear,  colourless  or  gray  czystals;  the 
hornblende  (when  present)  in  dark-green  or  black  crystals;  ^e 
mica  in  glistening  scales,  or  grains  composed  of  such  scales;  the 
felspar  in  compact  opaque  crystals,  of  a  white,  yellowish,  or  flesh 
colour. 

Granite  is  found  underlying  the  lowest  or  "  primary "  stratified 
rocks,  and  often  rising  through  and  over  them  in  dykes,  veins,  and 
mountain  masses,  which  naturally  break  up  into  hu'ge  rhomboidal 
blocks,  as  stated  in  Article  208,  p.  349. 

The  durability  and  hardness  of  granite  f^re  the  greater  the  more 
quartz  and  hornblende  predominate,  and  the  less  the  quantity  of 
felspar  and  mica,  which  are  the  more  weak  and  perishable  ingre- 
dients. Smallness  and  lustre  in  the  crystals  of  felspar  indicate 
durability;  largeness  and  dullness,  the  reverse. 

The  best  kinds  of  granite  are  the  strongest  and  most  lasting  of 
building  stones.  The  difficulty  of  working  them,  caused  by  tbeir 
great  hardness,  is  only  overcome  by  long  practice  on  tho  part  of  the 
stone-cutters.  Minute  ornaments  cannot  be  carved  in  granite,  and 
a  simple  and  massive  style  of  architecture  is  the  best  suited  for  it. 
It  is  used  chiefly  in  works  of  great  magnitude  and  importance,  suck 
as  lighthouses,  piers,  breakwaters,  and  bridges  over  large  rivers; 
and  for  such  purposes  it  is  brought  from  great  distances  at  consider- 
able cost,  the  stones  being  often  cut  to  fiie  required  forma  before 
leaving  l^e  quarry,  with  a  view  to  save  expense  in  carriage,  and 
to  obtain  the  benefit  of  the  skill  of  stone-cutters  accustomed  to  the 
material  It  is  only  in  diBtricts  where  giunite  abounds  that  it  is 
used  for  ordinary  building  purposes. 

II.  Gkeiss  and  Mica  Slate  consist  of  the  same  materials  with 
granite,  in  a  stratified  form.  They  are  found  in  the  neighbourhood 
of  granite,  in  strata  much  inclined,  bent,  and  distorted,  and  often 
form  great  mountain  massea  Gneiss  resembles  granite  in  its 
appearance  and  properties,  but  is  less  strong  and  durabla  Mica 
slate  is  distinguished  by  containing  little  or  no  felspar,  so  that  it 
consists  chiefly  of  quartz  and  mica;  it  has  a  laminated  or  slaty 
structure,  and  the  siiky  lustre  of  mica;  it  is  a  tough  material,  in 
directions  parallel  to  its  layers,  but  is  more  perishable  than  gneiss. 
Both  these  stoues  are  used  for  ordinary  masonry  in  the  districts 
where  they  are  found.  Gneiss,  from  its  stratified  structure,  is  a 
good  material  for  flag-stonea  Mica  slate,  split  into  thin  layers, 
may  be  used  for  covering  roofs;  but  it  is  inferior  for  that  purpose 
to  clajr  slate. 

III.  Greenstone,  Whinstone,  or  Trap,  and  Basalt.  These 
rocks  are  unstratified,  and  consist  of  granular  crystals  of  hornblende 
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or  of  angite,  with  felspar.     In  greenstone  the  grains  are  oonsider- 

&bly  finer  than  in  granite ;  in  basodt  they  are  scarcely  distinguishable. 

Greenstone  breaks  up  into  small  blocks;  basalt  into  regular  pri»- 

matie  oolumna.     (Article  208,  p.  349.)    They  are  found  in  reins, 

dykes,  and  tabular  masses,  amongst  stratified  rocks  of  various  age& 

Greenstone  is  usually  dark-green,  rarely  white  or  red;  basalt  nearly 

black.     These  varieties  of  colour  are  due  to  the  hornblende  or  the 

angite,  the  felspar  being  white.     Both  these  rocks  are  very  compact, 

durable,  hard,  and  tough.     The  smallness  of  the  blocks  in  which 

they  can  be  obtained,  and  the  difficulty  of  working  them,  prevent 

their  bdng  used  in  large  works  of  masonry;  but  they  are  well 

adapted  for  ordinary  building,  and  especially  well  suited  for  paving 

and  metalling  roads. 

IV.  Talc,  Ohlorits  Slate,  Soapstonis.  In  these  stones, 
silicate  of  magnesia  predominate&  TcUc  is  in  transparent  or 
translucent  sheets  of  a  laminated  structure;  it  is  soft  and  easily 
cut  CUoriU  Slate  is  also  laminated,  soft,  and  easily  cut,  but  more 
opaque  than  talc;  it  is  sometimes  used  for  roofing,  but  is  inferior 
to  day  slata  It  has  a  green  or  greenish-gray  colour,  and  silky 
lustre. 

Scapsiane  is  translucent  and  soft,  and  greasy  to  the  touch.  It  is 
vahed  for  its  power  of  resistiug  the  action  of  fire. 

Y.  QuABTZ  EoGK,  HoBNSTONE,  Flint.  These  stones  consist  of 
quartK,  pure,  or  nearly  pure.  Qtiartz  rock  and  HomaiaM  are 
stiatified,  and  appear  to  have  been  produced  by  the  action  of  in- 
tense beat  on  standstone;  they  are  both  compact.  Quartz  rock  is 
crystalline :  homstone  is  glassy.  They  are  the  strongest  and  most 
durable  of  all  stones;  but  their  hardness  is  so  great  as  to  make 
their  use  in  masonry  almost  impracticable. 

Flint  is  found  in  nodules  or  pebbles  scattered  through  the  chalk 
strata,  and  in  beds  of  gravel,  apparently  1^  after  the  washing  away 
of  the  chalk.  It  is  hard  and  durable,  but  very  brittla  Flints  are 
used  for  building  purposes  by  beiog  made  into  a  concrete  with  lime. 
YL  Hornblende  Slate  is  hard,  tough,  durable,  and  impervious 
to  water,  and  is  used  for  flag-stones. 

YII.  SAimsTONE  is  a  stratified  rock,  consistiug  of  grains  of  sand, 
that  is,  small  crystals  of.  quartz,  cemented  together  by  a  material 
vhich  is  usually  a  compound  of  silica,  alumina,  and  lime.  In  the 
stroDgest  and  most  durable  sandstone  the  cementing  material  is 
nearly  pure  silica;  the  weakest  and  least  durable  is  that  in  which 
the  oement  contains  much  alumina,  and  resembles  soft  felspar  or 
dsystona  When  there  is  much  lime  in  the  cementing  mattier  of 
Baadstooe  it  decays  rapidly  in  the  atmosphere  of  the  sea  coast,  and 
in  that  of  towns  where  much  coal  is  burned ;  in  the  former  case 
\me  is  dissolved  by  muriatic  add,  in  the  latter  by  sulphui-ic 
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acid.     CcUci/eroui  scmdatonesy  as  those  containing  mnch  lime  are 
called,  pass  by  insensible  d^;rees  into  sandy  limestonesL     The 
appearance  of  strong  and  durable  sandstone  is  characteriaed  by 
sharpness  of  the  grains,  smallness  of  the  quantity  of  cesnentifig 
material,  and  a  clear,  shining,  and  translucent  appeaianoe  on  a 
newly  broken  sar£M>e.     Kounded  grains,  and  a  dull,  mealy  siar&oe, 
characterize  soft  and  perishable  sandstone.     The  best  sandstone  lies 
in  thick  strata,  from  which  it  can  be  cut  in  blocks  that  show  Tery 
faint  traces  of  stratification;  that  which  is  easily  split  into  thin 
layers  is  weaker.    Sandstone  is  found  in  eveiy  geological  fonnation 
above  the  primaiy  rocks,  amongst  which  its  place  is  supplied  by 
homstone  and  quartz  rock.     The  best  kinds  on  the  whole  are  those 
which  belong  to  the  coal  formation ;  but  they  sometimes  have  ^eir 
strength  impaired  by  being  divided  into  layers  by  extremely  thin 
laminae  of  ooaL 

The  colours  of  sandstone  are  white,  yellowish-red,  and  red,  the 
latter  colours  being  produced  by  the  presence  of  peroxide  of  iron 
in  the  cementing  nuiteriaL     Crystals  of  sulphuret  of  iron  are 
sometimes  imbedded  in  it;  when  exposed  to  air  and  moisture, 
they  decompose,  and  cause  disintegration  of  the  stone.     They  are 
easily  recognized  by  their  yellow  or  yellowish-gray  colour  and 
metallic  lustre.     Sandstone  is  in  general  porous,  and  capaUe  of 
absorbing  much  water;  but  it  is  comparatively  little  injured  by 
moisture,  unless  when  built  with  its  layers  set  on  edge,  in  which 
case  the  expansion  of  water  in  freezing  between  the  layers  makes 
them  split  or  ''  scale  "  off  from  the  face  of  the  stone.    When  it  is 
built  "  on  its  natural  bed,"  any  water  which  may  penetrate  between 
the  edges  of  the  layers  has  room  readily  to  expand  or  escape. 

The  better  kinds  of  sandstone  are  the  most  generally  useful  of 
building  stones,  being  strong  and  lasting,  and  at  the  same  time 
easily  cut,  sawn,  and  dressed  in  every  way,  and  fit  alike  for  evejy 
purpose  of  masonry. 

213.  Ai!giliace«a«  cr  Ctefef  Stones  are  those  in  which  alumina, 
although  it  may  not  always  be  the  most  abundant  constituent, 
exists  in  sufficient  quantity  to  give  the  stone  its  chaiactezistic 
properties. 

L  Porphyry  consists  of  a  mass  of  felspar,  with  crystals  of  felspar, 
and  sometimes  of  quartz,  hornblende,  and  other  minerals,  scattered 
through  it  It  occurs  of  all  degrees  of  hardness.  The  variety  in 
which  the  felspar  matrix  is  soft  and  earthy  is  called  daykoM 
Jporphyry;  it  is  of  little  or  no  value  for  building  puiposea  The 
hardest  kind,  in  which  the  matrix  is  compact  and  ciystalline,  and 
the  whole  material  beautifully  coloured  and  capable  of  taking  a 
high  polish,  is  sometimes  stix>nger  than  granite.  It  is  rare,  and  is 
valued  in  building  fbr  ornamental  purposes. 
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XL  Clat  Slate  is  a  pripiary  stratified  rock  of  great  liardness  and 

density,  with  a  laminated  structure  making  in  general  a  great  angle 

vith  its  pLmes  of  its  stratification.  (See  Article  208,  p.  350.)    Its 

ookmrs  are  bluish-gray,  blue,  and  purple,  the    darkest  colours 

indicating  in  general  the  greatest  strength  and  durability.     It  can 

be  split  into  slabs  and  plates  of  small  thickness  and  sreat  area,  and 

b  nearly  impervious  to  water;  qualities  which  make  it  the  best 

stony  material  for  covering  roo&,  lining  water-tanks,  and  similar 

poip06e&    The  stronger  kinds  of  clay  slate  have  more  tenacity 

along  their  laminiB  than  any  other  stone  whose  tenacity  has  beea 

ascertained.     The  signs  of  good  quality  in  slate  are,  compactness^ 

smoothness,  and  uniformity  of  texture,  clear  dark  colour,  lustre,. 

and  the  emission  of  a  tinging  sound  when  struck. 

rn.  Grauwacke  Slate  is  a  laminated  claystone,  containing  sand, 
and  sometimes  fragments  of  mica  and  other  mineraLa.  It  is  used 
for  roofing  and  for  flag-stones,  but  is  inferior  to  day  slate. 

214.  CaicuMva  si«bm  are  those  in  which  carbonate  of  lime 
predominate&  They  eflervesce  with  the  dilute  mineral  adds, 
which  combine  with  the  lime,  and  set  free  carbonic  add  gaa 
Sulphuric  add  forms  an  insoluble  compound  with  the  lime.  Nitrio 
and  muriatic  add  form  compounds  with  it,  which  are  soluble  in 
water.  By  the  action  of  intense  heat  the  carbonic  acid  is  expelled 
in  the  gaseous  form,  and  the  lime  left  in  its  caustic  or  alkaline 
rtate,  when  it  is  called  qtdMime.  Some  calcareous  stones  consist 
of  pore  carbonate  of  lime;  in  others  it  is  mixed  with  sand,  day,  and 
oxide  of  iron,  or  combined  with  carbonate  of  magnesia.  The 
durability  of  calcareous  stones  depends  on  their  compactness :  those 
which  are  porous  bdng  disintegrated  by  the  freezing  of  water,  and 
by  the  chemical  action  of  an  add  atmosphere.  They  are,  f(Mr  the 
most  part,  easily  wrought. 

I.  Marble  is  compact  crystalline  carbonate  of  lime.  It  is  found 
chiefly  amongst  the  primary  strata,  and  generally  in  the  neighbour- 
hood of  igneous  rocks.  It  is  translucent^  capable  of  a  fine  polish, 
sometimes  white,  and  sometimes  variously  coloured.  It  is  one  of 
the  most  durable  of  all  stones.  Its  scaidty  and  value  prevent  its 
bdng  used  except  for  ornamental  buildings. 

XL  OoicPACT  Limestone  consists  of  carbonate  of  lime,  either  pure, 
or  mixed  with  sand  and  clay.  It  yaries  in  hardness  and  compact- 
ness, sometimes  approaching  to  the  condition  of  marble,  sometimes 
to  tliat  of  granular  limestone.  Its  most  frequent  colours  are 
white,  grayish-blue,  and  whitish-brown.  It  is  found  amongst 
primary  and  secondary  strata,  and  abounds  specially  in  the  coal 
formation^  and  in  the  lias  formation.  It  is  very  useful  as  a 
building  stone,   and  is  diuable  in  proportion  to  its    compact- 
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III.  GRAimLAB  LniEafroNE  consists  of  carbonate  of  lime  in  grains, 
which  are  in  general  shells  or  fragments  of  shells,  cemented 
together  by  some  compound  of  lime,  mlica  and  alumina,  and  oflen 
mixed  with  a  greater  or  less  quantity  of  sand.  It  is  alwayB  more 
or  less  porous,  and  the  less  porous  the  more  durable.  It  is  foond 
of  various  colours,  especially  white,  and  light  yeUowiah-brown. 
In  many  cases  it  is  so  soft  when  fiiist  quamed  that  it  can  be  cut 
with  a  knife,  and  hardens  by  exposure  to  the  air.  It  is  found  in 
various  strata,  especially  the  oolitic  formation.  It  there  appears 
in  the  form  of  OoUte^  or  Roestone,  so  called  because  its  grains  are 
round,  .and  resemble  the  roe  of  a  fish.  The  pleasing  colour  and 
texture  of  oolite,  and  the  ease  with  which  it  is  wrought,  have 
caused  it  to  be  much  used  in  building,  especially  where  delicate 
carving  is  required.  The  durability  of  oolites  varies  extremely. 
The  Portland  stone,  the  Bath  stone,  and  the  Aubigny  stone  (from 
Nonnandy)  are  examples  of  durable  oolites.  The  perishable  kinds 
of  oolite  decay  more  rapidly  than  almost  any  other  stone,  especially 
in  an  add  atmosphere. 

lY.  Maqnesiak  LiJiESTONE,  or  Dolomite,  is  found  in  various  con- 
ditions, from  the  compact  crystalline  to  the  porous  granular.  In 
Britain  it  is  found  in  the  new  red  sandstone  formation  im- 
mediately above  the  coal.  It  is  like  limestone  in  appearance. 
Its  durability  depends  mainly  on  its  texture ;  when  that  is  com- 
pact it  is  nearly  as  lasting  as  marble,  which  it  resembles  in 
appearance ;  when  porous  it  ia  very  perishable. 

215.  8(r«Bgtk  9€  scenes.— The  external  appeaittnces  from  which 
the  probable  comparative  strength  or  weakness  of  stones  may 
be  inferred  have  been  stated  in  the  course  of  the  preceding 
articles. 

Amongst  stones  of  the  same  kind,  that  which  has  the  greatest 
heaviness  is  almost  invariably  the  strongest 

The  results  of  past  experiments  on  the  strength  of  stones  of  the 
same  kind  differ  veiy  much  from  each  other,  probably  owing  to 
variations  in  the  strength  of  the  specimens  of  stone  experimented 
on.  The  results  given  in  the  tables  of  the  strength  of  materials  at 
the  end  of  the  volume  are  averages  from  discordant  data. 

The  following  table  contains  some  additional  information  on  the 
resistance  of  stones  to  crushing,  extracted  fix)m  a  paper  which  was 
read  by  Mr.  Fairbaim  to  the  Manchester  Philosophical  Society, 
and  published  in  his  Uaefal  InJbrmaUon  for  EngtMen^  second 
series: — 
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Cnubin^  Stress,  in  lbs. 
OD  the  Sqiuire  Inch. 

Grattwacke  from  Penmaenmaur, 1^1^93 

Basalt,  Whinstone, "j97o 

Granite  ^Moont  Sorrel), 12,861 

„       (Aigyllshire), 10,917 

Syenite,  (Mount  Sorrel), 11,820 

&Lnd3tone  (Strong  Yorkshire,  mean  of  9  experi- 
ments),    9^824 

„  (weak  specimens,  locality  not  stated),  3,000  to  3,500 

limestone,  compact  (strong), 8,528 

„  magnesian  (strong), 71^98 

,.  ,y         (weak), 3,050 

Mr.  Fairbaim's  ezpei-iments  further  show,  that  the  resistance  of 
sliong  sandstone  to  crushing  in  a  direction  parallel  to  the  layera,  is 
only  nxseveniJts  of  the  resistance  to  crushing  in  a  direction  perpen- 
dicular to  the  layers. 

The  hardest  stones  alone  give  way  to  crushing  at  once,  without 
previous  warning.  All  others  begin  to  crack  or  split  under  a  load 
less  Ijian  that  which  finally  crushes  them,  in  a  proportion  which 
niDges  firom  a  fraction  little  less  than  unity  in  the  harder  stones, 
down  to  about  one-half  in  the  softest. 

The  mode  in  which  stone  gives  way  to  a  crushing  load  is  in 
g^eral  by  shecmng,     (Article  157,  pp.  235,  236.) 

Experiments  on  the  strength  of  stones  have  hitherto  been  made 
ahaost  universally  on  cubical  specimens.  It  is  desirable  that  they 
should  be  made  on  prismatic  specimens,  whose  heights  are  at  least 
once  and  a-half  their  diameters;  for  an  experiment  made  by 
crashing  a  cube  indicates  somewhat  more  than  the  real  strength  of 
themateriaL 

When  any  building  of  importance  is  projected,  the  best  course  is 
not  to  trust  to  books  for  information  as  to  the  strength  of  the 
stone  to  be  used,  but  to  test  it  by  special  experiments,  which 
can  easily  be  made  by  the  aid  of  a  hydraulic  press.  As  to  the 
method  to  be  followed  in  making  those  expeiiments,  and  calculating 
their  results,  in  order  to  insure  accuiucy,  see  Article  144,  pp. 
223,  224. 

The  fiictor  of  safety  in  structures  of  stone  should  not  be  less  than 
dgid,  in  order  to  provide  for  variations  in  the  strength  of  the 
mafcerial,  as  well  as  for  other  contingencies.  In  some  structures 
vhich  have  stood  it  is  less;  but  there  can  be  no  doubt  that  these 
err  on  the  side  of  boldnesa 

216.  Tmtoff  DnrabiUtj  •€  Mmms. — The  appearances  which  indi- 
cate prohihle  durability  have  already  been  mentioned  in  describ- 
ing Mrticuiar  kinds  of  stone;  but  they  are  often  deceptive. 
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One  test  of  the  probable  comparative  durability  of  tioneB  of  the 
$ame  kind  is  the  smallness  of  the  weight  of  water  which  a  given 
weight  of  stone  is  capable  of  absorbing. 

The  following  are  examples : — 

Granite  absorbs  one  part  of  water  in  from  80  to  700  of  stone. 
Gneiss,        „  „  „  „        about  40       „ 

Clay  Slate,  „  „  „  „         80  to  700      „ 

Sandstone  (Strong,  Yorkshire),  „         30  to    60      „ 

Another  test  of  probable  oomparatiye  durability  (invented  by 
M.  Brard)  is  to  imitate  the  disintegrating  action  of  frost  by  means 
of  the  crystallization  of  sulphate  of  soda>  and  weigh  the  fragments 
so  detached  from  a  block  of  a  given  size  and  sarbuce  in  a  given 
time.     (Annalea  de  Chimie  et  de  Fhynque^  vol.  38.) 

The  only  sure  test,  however,  of  the  durability  of  any  kind  of 
stone,  is  experience;  and  the  engineer  who  proposes  to  use  stone 
from  a  particular  stratum  in  a  particular  locality  in  any  important 
structui^  should  carefully  examine  buildings  in  which  that  stone 
has  been  already  used,  especially  those  of  old  date. 

The  great  difference  which  may  exist  in  the  durability  of  stones 
of  the  same  kind,  and  presenting  little  difference  in  appearance,  is 
strikingly  exemplified  at  Oxford,  where  Christ  Church  Cathedra], 
built  in  the  twelfth  or  thirteenth  century,  of  oolite  from  a  quarry 
about  fifteen  miles  away,  is  in  good  preservation,  while  many 
colleges  only  two  or  three  centuries  old,  built  also  of  oolite,  from  a 
quarry  in  ^e  neighbourhood  of  Oxford,  are  rapidly  crumbling  to 
pieces. 

217.  PvMdTaami  •€  Stoae.— The  y^ous  processes  which  have 
been  tried  or  proposed  for  the  preservation  of  naturally  perishable 
stone  all  consist  in  filling  the  pores  of  the  stone  at  and  near  its 
exposed  surface  with  some  substance  which  shall  exclude  air  and 
moisture.  In  every  case  the  suiface  of  the  stone  should  be  pre- 
pared to  receive  the  preserving  material  by '  expelling  the  existing 
moisture  as  completely  as  possible;  and  this  is  easily  done  by  the 
aid  of  a  portable  furnace  containing  burning  coke  or  charcoal 

The  principal  preserving  materials  are  the  following : — 

Bituminous  maUer,  such  as  coal  tar.  is  veiy  efficient;  but  un- 
sightly from  its  colour.  It  is  possible,  however,  that  a  ooloorltas 
or  light-coloured  bituminous  substance,  suited  for  the  preservation 
of  stone,  might  be  prepared  by  dissolving  "  paraffine  '*  (so-called)  in 
pitch-oil,  or  by  some  such  pi^ocess. 

Drying  Oil,  such  as  linseed  oil,  either  unmixed,  or  as  an  ingredient 
of  paint,  protects  the  stone  for  a  time;  but  it  is  gradually  destroy eil 
by  the  oxygen  of  the  air,  so  that  it  requires  renewal  from  time  to 
time;  and  it  injures  the  appearance  of  the  stone. 
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SUkaie  of  Foiathj  or  soluble  glass,  is  applied  in  a  state  of 
solution  in  water,  either  alone  or  mixed  with  nlica  in  fine  powder. 
It  gradually  hardens,  partly  through  the  eyaporation  of  its  water, 
and  partly  through  tiie  remoTal  of  the  potash  by  the  carbonic  acid 
of  the  air. 

SQioats  of  Lime  is  produced  by  filling  the  pores  of  the  stone  with 
a  solution  of  silicate  of  potash,  and  then  introducing  a  solution  of 
chloride  of  calcium,  or  of  nitrate  of  lime.  The  chemical  action  of 
the  two  solutions  produces  silicate  of  lime,  which  forms  an  artificial 
stoney  filling  the  pores  of  the  natural  stone,  together  with  chloride 
of  potassium  or  nitrate  of  potash,  as  the  case  may  be,  which  salts, 
bdng  soluble  in  water,  are  washed  oul 

The  efficiency  of  the  last  two  processes,  and  of  various  modifi- 
cations of  them,  has  of  late  been  much  contested.  Time  and 
experience  only  can  show  their  real  merita 

218.  Bxfmmaium  •€  fltMie  kf  Scat.~The  following  are  the  ex- 
pansions in  linear  dimensions,  according  to  the  experiments  of 
Mr.  Adie,  of  some  kinds  of  stone,  when  raised  fi^m  the  tem- 
perature of  melting  ice  (32°  Fahr.)  to  that  of  water  boiling  under 
the  mean  atmospheric  pressure  (212°  Fahr.):  that  is,  through 
18(f  Fahr  :— 

Granite, '0008  to  '0009 

Marble, -00065  ^  'ooii 

Sandstone, '0009  to  *ooi2 

Shkte, •00104. 


Section  II. — 0/ Bricks,  and  other  Arttjidal  Stones. 

219.  cnaf  fme  Brick*. — The  Yarious  sorts  of  clay,  which  are  yery 
numerous,  are  chemical  compounds  consisting  of  silicates  of 
ahimina,  either  alone,  or  combined  with  silicates  of  potash,  soda, 
time,  magnesia,  iron,  and  manganese.  The  complex  clays  ap- 
proximate in  their  composition  to  felspar;  and  many  of  them 
may  in  &ct  be  considered  as  soft  varieties  of  felspar.  (Article 
210,  p.  354.) 

Clay  and  sand  mechanically  mixed  constitute  loam;  clay  and 
caihooate  of  lime  mechanically  mixed,  marl.  Amongst  other 
substances  which  are  found  mixed  with  clay  are  peroxide  of  iron, 
fiolphuret  of  iron,  bitumen,  (fee. 

Every  kind  of  clay  has  the  property,  in  its  natural  condition,  of 
nrelling  and  forming  a  paste  when  mixed  with  water.  The  ex- 
pulsion of  the  water  by  heat  is  a  slow  process,  and  requires  a  high 
tefflpemtnre,  and  is  accompanied  by  shrinking  and  hardening  of 
tk  nutjss  of  clay.     It  is  doubtful  at  what  temperature  the  ex- 
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piiMoii  of  the  water  is  complete ;  for  so  far  as  experiment  has  3ret 
been  carried,  it  appears  that  how  high  soever  the  temperature  at 
which  a  mass  of  clay  has  been  "  burnt/'  as  it  is  called,  it  ^will 
continue  to  shrink  and  to  lose  weight  if  raised  to  a  higher  temper- 
ature. A  mass  of  burnt  clay,  at  temperatures  lower  than  that  at 
which  it  has  been  burnt,  expands  with  heat  and  contracts  -vrith 
cold  like  other  solid  substances. 

By  the  operation  of  "  burning/*  at  a  sufficiently  high  temperataz^, 
clay  becomes  hard  and  gritty,  and  loses  either  wholly  or  almost 
wholly  the  property  of  combining  with  water.  "Whether  the  day 
afterwards  slowly  softens,  and  recovers  that  property  or  not,  dependb 
on  its  composition,  and  on  the  chemical  agents  to  which  it  is  ex- 
posed.  The  presence  of  alkaline  constituents  in  the  clay,  and  the 
action  of  acids  upon  it,  tend  to  promote  softening;  and  this  goes  on 
the  more  rapidly  if  it  has  been  burned  at  too  low  a  temperature. 

Single  eaHhy  siliccUeSf  or  compounds  of  silica  with  one  other 
earth,  are  difficult  of  fusion,  and  resist  the  most  intense  heat  of  a 
furnace.  This  has  been  already  exemplified  in  tersilicate  of 
magnesia,  or  soapstone.  (Article  212,  p.  357.)  Double,  or  more 
complex  silicates,  are  more  easily  fusible,  especially  if  one  of  the 
two  or  more  silicates  that  are  combined  has  for  its  base  potash^ 
soda,  or  lime.  In  conformity  with  this  general  law,  the  rtfrtuiory 
days,  or  those  which  resist  fusion  by  the  greatest  heat  of  an 
ordinary  furnace,  are  those  which  consist  of  silicates  of  alumina 
alone;  and  such  clays  only  are  fit  to  make  fire-bricks  and  crucibleSy 
and  to  cement  together  the  pai-ts  of  furnaces. 

The  following  are  examples : — 

PoTcdain  Clay^  or  Kaolin^  consists  of 

1  equivalent  of  alumina, 
3  equivalents  of  silica, 

which  compound,  in  the  natural  state,  is  combined  with  two 
equivalents  of  water,  nearly  all  of  which  can  be  expelled  by  a 
white  heatb  It  is  found  in  the  neighbourhood,  of  granitic  rocks, 
having  been  formed  by  the  slow  decomposition  of  potash-felspar, 
under  the  action  of  the  carbonic  acid  and  moisture  of  the  atmo- 
sphere, which  have  abstracted  the  potash  and  nine  equivalents 
of  silica.  Its  colour  is  white  or  cream-colour. 
iStourhridge  Fire  Clay  consists  of 

1  equivalent  of  alumina, 
6  equivalents  of  silica, 

with  two  equivalents  of  water,  or  thereabouts,  which  can  be  nearly 
all  expelled  by  a.  white  heat,  and  a  small  quantity,  of  oxide  of  iron. 
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This  and  oilier  fire-clajs  are  found  chiefly  in  the  coal  formation. 
Their  colonn  are  white,  light-gray,  and  yeUowiidi-gray,  the  colour- 
ing matter  being  in  genertJ  a  small  quantity  of  oxide  of  iron. 

Gomaawn  Clays  are  rendered  less  difficult  to  fuse  than  porcelain 
d&jr  and  fire-clay,  by  the  presence  of  silicates  of  lime,  magnesia,  and 
proto^de  of  iron ;  and  the  bricks  made  of  them,  -when  thoroughly 
burned,  are  partially  vitrified.  Of  these  constituents,  protoxide  of 
iron  is  the  most  fisiyourable  to  the  quality  of  the  clay  as  regards 
the  pnrpose  of  brickmaking,  as  it  promotes  the  strengUi  and  hard'- 
ness  of  tbe  bricks.  Its  presence  is  shown  by  a  dark  greyish-blue 
colour,  'which  js  changed  to  red  at  and  near  the  suHiice  of  the 
bricks  by  burning. 

Silicate  of  lime  in  the  clay  in  any  considerable  quantity  makes  it 
too  fusible,  so  that  the  bricks  soften  in  the  kilns  and  become  dis- 
torted. 

Carbonate  of  lime,  mixed  with  the  clay  in  considerable  quantity 
indicated  by  effervescence  with  acids),  loses  its  carbonic  acid  during 
the  burning;  and  the  quicklime  which  remains  tends  afterwards  to 
Absorb  moisture,  and  cause  disintegration  of  the  brick.  Clay  con- 
taining this  impurity  should  be  avoided  in  making  bricks. 

Sand  mixed  with  the  clay  in  moderate  quantity  is  beneficial,  as 
tending  to  prevent  excessive  shrinking  in  the  fire.  Excess  of  sand 
makes  the  bricks  too  brittle  One  part  by  volume  of  sand  to  four 
or  five  of  pure  clay  is  about  the  best  proportion. 

220.  iii«»«ihrffe  aiu  QwriitiM  •€  BHcksr^In  making  bricks, 

the  clay  having  been  cleared  of  stones,  is  '^tempered;"  that  is, 

mixed  with  about  half  its  volume  of  water,  and  worked  by  stirring 

and  kneading  until  it  forms  a  perfectly  uniform  and  homogeneous 

]aste.    The  quality  of  the  bricks  depends  mainly  on  the  efficiency 

wi^  which  this  is  dona    It  may  be  performed  by  a  machine  called 

a  "pug-miU,^  in  which  the  day,  contained  in  a  vertical  cylinder  or 

baml,  is  stirred  and  mixed  by  fiat  arms  projecting  from  a  rotating 

vertical  axis,  and  at  the  same  time  forced  downwards  by  the 

obhquity  of  the  surfaces  of  those  arms,  so  as  to  be  made  to  stream 

slowly  from  a  hole  near  the  lower  end  of  the  barreL 

The  wet  clay,  having  been  properly  tempered  and  worked,  is 
fomied  into  bricks  in  moulds,  which  are  larger  than  the  bricks  are 
intended  to  be  when  burned,  by  about  1-lOth  or  1-1 2th  of  each 
dimension,  that  being  the  oixlinary  proportion  in  which  the 
&neDfflon8  of  the  brick  shrink  in  burning. 

Ordinary  moulds  for  bricks  measure  about  10  inches  in  length,  5 
inches  in  breadth,  and  3  inches  or  thereabouts  in  depth;  but 
bricks  for  special  purposes  are  moulded  of  a  great  variety  of 
thpei.     Yariotis    machines   have  been    invented  for  moulding 
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The  bricks,  having  been  dried  in  the  open  air,  or  in  a  drying 
house  with  a  temperature  of  from  50°  to  70**,  are  burned  in  kilns 
whose  temperature  is  gradually  raised  in  the  course  of  twenty-four 
hours  to  a  white  heat,  maintained  nearly  at  that  temperature  until 
the  bricks  are  sufficiently  burnt,  and  then  allowed  to  cool  by  alow 
degrees.  The  duration  of  the  process  of  burning  and  cooling 
varies ;  but  fifteen  days,  or  thereabouts,  is  not  unusuaL 

From  data  contained  in  a  paper  by  Mr.  F.  W.  Simms,  it  appears 
that  the  labour  of  making  bricks  by  hand  is  as  follows : — 

(  one  temperer, 
Three  men,  viz......  -|  one  moidder,        ^ 

(  one  wheeler, 

and  two  boys,  yiz.,  (  ""^  '^'^  ^^^ 
^  *       '  \  one  picker-up  boy, 

make  16,100  bricks  per  week.     This  is  at  the  rate  of 

112  days'  work  of  a  man,  and  )         ^  ^^^  hric\s. 
0*75  days*  work  of  a  boy,  /  *^     ' 

The  fuel  consumed  in  burning  bricks  ranges  from  5  to  10  cwt. 
per  1,000  bricka 

The  following  are  characteristics  of  good  bricks. 

To  be  regular  in  shape,  with  plane  parallel  surfaces  and  sharp 
right-angled  edgea 

To  give  a  clear  ringing  sound  when  struck* 

When  broken,  to  show  a  compact  uniform  structure,  hard  and 
somewhat  glassy,  and  free  from  air-bubbles  and  cracks. 

Not  to  absorb  more  than  about  one-fifteenth  of  their  weight  of 
water. 

Bricks  which  answer  the  preceding  description,  when  Mi  on  end 
in  a  hydraulic  press,  should  require  at  least  1,100  lbs.  on  the  square 
inch  to  crush  them,  agreeably  to  the  strength  of  '^strong  red 
bricks,"  as  stated  in  the  table  at  the  end  of  the  volume;  and  they 
will  sometimes  bear  considerably  more.  A  enkoU  pillar  o/brick- 
worhy  made  of  bricks  of  this  quality  laid  in  cement,  shoidd  require 
from  800  to  1,000  lbs.  on  the  square  inch  to  crush  it. 

Bricks  in  general  begin  to  show  signs  of  giving  way,  by  splinter- 
ing and  cracking,  when  imder  about  one-half  or  two-thirds  of  their 
crushing  load. 

The  weaker  qualities  of  bricks  may  be  estimated  as  having  firom 
one-half  to  two-thirds  of  the  strength  stated  above. 

The  bricks  supplied  for  every  building  of  importance  should  he 
carefully  inspected,  and  the  defective  ones  thrown  away. 
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Thi^ezpansion  of  bricks  by  heat,  in  rising  from  32^  to  212^ 
Fahr.  is  as  follows,  according  to  Mr.  Adie : — 

Common  brick, '00355 

Pire  brick, '0005. 


221.  c<M»i  wcdl  MwU^M  are  made  by  drying  the  clay,  grinding 
it  to  a  fine  powder,  putting  it  into  moulds  of  proper  shapes,  sub- 
jecting it  to  a  pressure  of  about  5  tons  on  the  square  inch,  and 
baking  the  brides  in  a  pottery-oven.  The  bricks  so  made  have 
about  once  and  a-half  the  heaviness  of  ordinary  bricks,  and  con- 
siderably greater  strength.     They  shrink  ve^  little  in  bakine. 

222.  •thcr  AviiflciAi  fltMM*.-* Artificial*  sandstone,  closely  re- 
sembling natural  sandstone  in  appearance,  strength,  and  durability, 
ia  made  by  cementing  clean  sharp  sand  together  with  silicate  of 
potash,  or  silicate  of  lime. 

A  sort  of  artificial  limestone  has  been  made  by  compressing  the 
chalky  mud  of  the  Thames  in  iron  moulds  by  the  blows  of  a  steam- 
hammer. 

The  composition  and  use  of  Concrete  wiU  be  explained  in  the 
next  section. 


Sscnoir  IIL — 0/  CemerUmg  Maieriale. 

223.  Aaalfito  «r  MJmtmtwmtm  mU  Cmmbi  Asmms. — Stones  con- 
taining carbonate  of  lime  in  combination  and  mixture  with  other 
minends  «re  the  most  abundant  and  useful  source  of  the  cementing 
naterialB  used  in  masonry.  The  following  are  their  principal 
constituents,  with  their  chemical  equivalents  :^ 

Garbonic  Acid  (see  p.  353), 22 

Lime  (see  p.  352), 28*5 

(Wbonate  of  lime,  22  +  28*5  = 50*5 

Magnesia  (see  p.  353), 207 

Carbonate  of  Magnesia,  22-}'  207  = . . .  427 

SiHca(8eep.  352), 15*5 

Alumina  (seep.  352), 51*4 

Protoxide  of  iron  (see  p.  353), 36 

Peroxide  of  iron  (iron  56  +  oxygen  24),....  80* 
Water  (hydrogen  i  -f-  oxygen  8),    9* 

It  would  be  out  of  place  in  this  work  to  enter  into  details  of 
diemical  proceaBes;  nevertheless,  it  may  be  useful  to  give  the 
Mowing  directions  for  determining  roughly  the  proportions 
of  those  constituents  of  limestone  which  are  of  the  greatest 
practical  importanoei. 
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I.  Weigh  a  specimen  carefdlly;  calcine  it  in  a  cnici(|le^  and 
weigh  it  again ;  the  loss  of  weight  shows  the  quantity  of  carbonic 
acid  and  tvater  together  in  the  specimen;  but  if  it  has  been  -well 
dried  previously,  at  a  temperature  not  sufficient  to  expel  carbonic 
acid  (which  requires  a  bright  red  heat),  the  water  remaining  may  be 
neglected,  and  the  whole  loss  considered  as  carbonic  acid, 

IL   Weigh  another  specimen  of  from  30  to  80  grains;  reduce  it 
to  impalpable  powder  in  a  mortar,  mix  it  with  three  times  its 
weight  of  caustic  potash  or  soda,  and  heat  it  to  redness  in  a  silver 
crucible ;  dissolve  the  whole  in  slightly  diluted  muriatic  acid ;  tlie 
rapidity  of  solution  may  be  increased  by  heating  the  diluted  acid  to 
near  the  boiling  point » of  water.     Evaporate  the  solution^  taking 
care  to  stir  it  continually  towards  the  end  of  the  process,  until  it 
becomes  thick  and  pasty :  this  shows  that  the  silica  has  coagulated ; 
mix  the  paste  with  eight  or  ten  times  its  volume  of  boiling  water : — 
this  will  dissolve  every  constituent  except  the  silica: — ^filter  the 
solution,  washing  the  precipitate  well  with  water,  taking  care  to 
preserve  all  the  water  so  useid  along  wkh  the  original  liquor;    dry 
and  calcine  the  precipitate  lefl  on  the  filter;  weigh  it: — ^this  yarill 
give  the  quantity  of  sUica  in  the  specimen. 

III.  To  the  liquor  add  water  of  ammonia  in  excess;  to  pre- 
cipitate the  altumina,  the  oxide  qfiron,  and  paH  of  the  magnena^ 

Then  add  lime-water  by  degrees  as  long  as  a  precipitate  &I1& 
That  precipitate  is  the  remainder  of  the  moffnesia.  Wash  the 
whole  precipitate;  diy  it;  calcine  it;  weigh  it  To  the  weight 
thus  found  add  the  weight  of  the  silica  found  by  operation  II,  and 
that  of  the  carbonic  acid  as  calculated  from  the  result  of  operation 
I;  subtract  the  sum  from  the  whole  weight  of  the  specimen;  ihe 
i*emainder  will  be  the  lime. 

lY.  From  the  total  carbonic  acid  found  by  process  I,  (and 
reduced  to  the  weight  of  the  second  specimen)  subtract  the  weight 
of  lime  found  by  process  III.  X  22  -i.  28*5 ;  the  remainder  wiU  be 
the  quantity  of  carbonic  acid  in  combination  with  magnesta;  and 
that  remainder  X  20*7  -f-  22  will  give  the  qiuuitity  of  mctgneeia  in 
combination  tmlh  carbonic  acid 

V.  Subtract  the  result  of  process  IV.  from  that  of  process  III. ; 
the  result  will  be  the  quantity  of  alumina  a/nd  oxide  ofiron^  and  of 
magnesia  combined  tvith  eilicaj  if  any;  but  in  &ct,  so  far  as  lime- 
stones are  known,  the  whole  of  the  magnesia  is  in  the  state  of 
carbonate.  For  the  present  purpose  it  is  unnecessaiy  to  separate 
the  alumina  from  the  oxide  of  iron  (although  it  might  be  done  by 
means  of  caustic  potash,  which  dissolves  the  alumina  and  leaves 
the  iron). 

The  most  important  result  of  the  analysis  is  the  proportion  of 
oarboTiatee  to  silicates  in  the  stona     The  quantity  of  carbonates 
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iLkay  be  approximated  to  in  a  rough  vay  by  multipljiog  tlie  total 
quantity  of  carbonic  acid,  as  found  bj  the  first  process,  by  the 
following  mnltipliers: — 

If  the  limestone  is  not  magnesian, 2*3; 

if  there  is  one  eqaiyalent  of  carbonate  of  mag- 
nesia for  each  equivalent  of  carbonate  of  lime,  2*12; 

and  the  truth  will  almost  always  be  between  those  limits.  The 
remainder  of  the  stone  may  be  held  to  consist  wholly  or  almost 
whoQy  of  silicates. 

The  suhetances  obtained  by  calcining  different  limestones  and 
cement  stones  may  be  divided  into  the  following  four  classes : — 

L  Furs,  Bich,  or  Fai  Lime,  produced  from  stones  containing 
little  or  no  silicate,  which  '< slakes*'  by  absorbing  moisture,  and 
Laving  been  made  into  a  paste  with  water,  hardens  slowly  in  air, 
and  not  at  all  under  water. 

IL  Hydraulic  Limes,  produced  from  stones  containing  moderate 
quantities  of  silicates  (from  10  to  30  per  cent),  which  slake,  but 
less  lapidly  than  pure  lime,  and  harden  under  water  slowly.  These 
pass  by  insensible  gradations  into 

ILL  Cements,  produced  from  stones  containing  from  40  to  60  per 
cait  of  silicat^  which  do  not  slake,  and  which  harden  quickly 
under  water. 

lY.  Poezolanas,  which  contain  silicates  in  excess,  and  are  used 
to  make  cement  by  mixing  them  with  pure  lima 

224.  Pnw,  Rich,  or  F«t  iiiaic  is  made  by  calcining,  at  a  bright 
red  heat  or  somewhat  higher,  limestone  that  consists  wholly  or 
almost  wholly  of  carbonate  of  lime,  such  as  marble,  or  chalk. 
8ach  limestone  loses  44  per  cent  ot  its  weight  by  burning,  and 
leaves  56  per  cent  of  its  weight  of  lime.  Of  this,  about  one-eighth 
is  usually  wasted. 

The  operation  of  lime-burning  is  performed  in  kilns  of  two  sorts. 
Id  the  more  common  kind,  the  kiln  is  circular  in  plan,  and  oval  in 
vertical  section,  the  diameter  at  the  bottom  being  about  6-lOths 
of  the  greatest  diameter;  it  seldom  exceeds  10  or  12  feet  in  height, 
but  may  be  less;  it  is  filled  with  alternate  layers  of  limestone  and 
fuelfflnd  when  the  burning  is  completed  the  whole  charge  is  removed. 
The  whole  operation  takes  from  30  to  50  hours.  Another  sort  of 
kib  is  cjlindrical,  or  nearly  so,  with  its  axis  vertical  It  is  contin- 
uoiuly  fed  with  limestone  at  the  top,  which  descends,  and  is  calcined 
(y  the  flame  coming  from  a  furnace  at  one  side  of  the  kiln,  and  reaches 
the  bottom  completely  burnt,  whence  it  is  gradually  removed. 

The  weight  of  the  coal  consumed  is  from  l-5th  to  l-6th  of  that  of 
the  lime  burned 

2b 
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One  cabic  foot  of  chalk  in  blocks  weighs  90  lbs.  nearly. 

„  of  broken  chalk, 63  ,, 

„  of  the  quicklime  from  the 

same  chalk,  in  pieces,  35  „ 

When  rich  quicklime  is  moistened  with  water,  it  dakes;  that  is 
to  say,  it  combines  chemically  with  one  equiyalent  of  water  (9  parts 
by  weight)  to  one  equivalent  of  lime  (28*5  parts  by  w^eight),  and 
forms  slaked  limey  or  in  chemical  lang^iage,  hydrate  of  lime.     During 
this  process,  the  lime  swells  to  from  twice-and-arhaJf  to  thiioe-and- 
a-half  its  original  bulk,  becomes  veiy  hot,  and  falls  to  powder. 
The  same  process  takes  place  slowly  through  absorption,  of  moisture 
from  the  atmosphere;  but  lime  for  building  purposee  ought  never 
to  be  '^  air-slaked,"  as  this  slow  operation  is  called;  for  the  lime 
thus  exposed  to  the  air   absorbs  not   only  water,  but  carbonic 
add;  and  part  of  it  returns  to  the  state  of  carbonate  of  lime.    To 
guard  against  this  sort  of  deterioration,  quicklime  should  be  kept  in 
barrels,  or  in  a  dry  store,  until  it  is  required  for  use,  and  then 
rapidly  slaked  with  water.     The  hardening  of  slaked  lime  is  pro- 
duced by  gradual  absorption  of  carbonic  acid  from  the  atmosphere, 
and  clystallization  of  the  carbonate  of  lime  so  formed.     It  is  a  very 
slow  process,  but  produces,  after  the  lapse  of  years,  a  veiy  hard 
material 

225.  Hrdnniifl  litaics  are  obtained  by  burning  Hmestones,  which 
contain  silicates  of  alumina,  and  sometimes  carbonate  of  magnesia, 
and  which  in  general  are  compact,  and  of  a  gray,  blue,  or  brownish- 
yellow  colour.  Besides  the  test  of  chemical  analysis  already 
mentioned  in  Article  223,  the  following  direct  test  may  be  applied 
to  limestones  supposed  to  be  hydraulic. 

Calcine  two  or  three  cubic  inches  of  the  stone  in  a  crucible : — 
pound  the  calcined  lime :  make  it  into  a  stiff  paste  with  water,  and 
form  it  into  a  baU,  which  immerse  in  a  glass  of  water.     If  it  is 
hydraulic  lime,  it  will  harden  under  water  so  as  to  resist  the    | 
pressure  of  the  finger  in  a  time  vaiying  from  24   hours  to  a   j 
fortnight,  according  to  its  composition;  and  if  its  qualily  is  good, 
in  a  month  it  will  be  about  as  hard  as  weak  limestona 

If  it  is  cement,  it  will  harden  so  as  to  resist  the  pressure  of  the 
finger  in  a  few  minutes. 

The  best  kinds  of  hydraulic  lime  slake  so  imperfeeUy,  that  they 
must  be  pulverized  by  grinding  them  in  the  dry  state  in  a  mil] 
consisting  of  a  circular  trough,  in  which  two  stone  rollers  shaped 
like  millstones,  at  opposite  ends  of  a  bar  rotating  with  a  vertical 
shaft,  roll  round,  and  so  crush  and  grind  the  lime  to  a  fine  powder. 
Hydraulic  lime  should  be  kept  in  sacks  or  barrels  in  a  diy  store, 
and  exposed  as  little  as  possible  to  air  and  moisture  until  it  is  about 
to  be  used. 
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It  IB  a  mixture  of  quicklime  with  silicates  of  alumina  and  iron, 
tod  sometimes  with  magnesia.  Its  hardening  under  water  arises 
from  the  formation  <^  an  artificial  stone,  consisting  of  compound 
silicates  of  lime,  alumina,  and  the  other  bases.  In  hydraulic  lime, 
as  distinguished  from  cement,  there  would  seem  to  be  a  greater  or 
kas  surplus  of  lime  beyond  that  which  is  capable  of  combining  with 
the  silica  and  alumina. 

S2$.  ifatanu  ccMMM  is  obtained  by  burning  stones  in  which 
caihooate  of  lime  and  silicates  exist  in  such  proportions  that,  when 
the  carbonic  acid  is  expelled,  the  lime  is  exactly  in  the  proportion 
required  to  make  a  hard  compound  with  the  silica  ana  alumina. 
From  the  experiments  of  M.  Yicat  and  of  General  Sir  Charles 
P^aky,  on  making  artificial  cements,  it  would  appear  that  the  best 
mixture  for  making  cement  consists,  befcnre  burning,  of 

two  equivalents  of  carbonate  of  lime,...  50*5  X  2  =  lofo 
one  equivalent  of  clay,  of  which  the  probable 
composition  is 

one  equivalent  of  alumina,  .« 51*4 

six  equiyalenfs  of  silica, 93*0       144*4 

80  that  the  composition  in  one  hundred  parts  is, 

carbonate  of  lime, 41 

day, 59 

100 

&nd  the  rapidity  with  which  the  cement  hardens  under  water 
depends  on  the  nearness  with  which  the  composition  of  the  stone 
approximates  to  these  proportions. 

Cement  stones  are  usually  found  in  thin  strata  amongst  those  of 
hjdiaahc  limestona  Their  most  frequent  colours  are  brown  and 
^wn-coloured,  their  texture  compact,  and  fracture  earthy.  After 
having  been  burned,  they  are  ground  to  powder,  which  is  packed 
in  bsmls,  and  carefully  kept  dry  till  required  for  use.  In  this 
state,  it  consists  of  a  mixUire  of  quicklime  with  silicate  of  alumina. 
SoBooa  ss  it  is  made  into  a  paste  with  water,  chemical  action  takes 
P^e,  and  a  double  silicate  of  alumina  and  lime  is  formed,  whose 
composition,  in  the  best  cement,  wotdd  seem  to  be, 

two  equivalents  of  lime a8*5  X  2  =    57*0 

one  equivalent  of  alumina, 5 1  '4 

six  equivalents  of  silica, iS'5  X  6  =    93*0 

201-4 

and  this  double  silicate  forms  a  compact  artificial  stone. 
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227.  Anlflctel  Cement  is  made  by  taking  either  grocmd  chalk  or 
slaked  pure  lime,  and  blue  clay,  in  the  proportions  that  will  gire 
the  chemical  composition  stated  in  the  preceding  article,  thoroughly 
mixing  those  ingredients  into  a  paste  with  water  in  a  pug-mill, 
making  the  paste  into  balls  of  2  or  3  inches  in  diameter,  drying 
those  balls,  calcining  them,  and  grinding  them  to  powder.  It  is 
equal,  if  not  superior,  to  any  natural  cement 

228.  p«Bz*iaiMui  are  mixtures  analogous  to  cements,  but  con- 
taining an  excess  of  silicates  and  a  deficiency  of  lime,  so  that  they 
must  be  mixed  with  pure  lime  in  order  to  make  cement,  or 
hydraulic  lime,  according  to  the  proportions. 

One  of  the  best  pozzolanas  is  "  Mine-dust,''  which  is  probably  a 
silicate  of  protoxide  of  iron.  If  mixed  with  lime,  so  as  to  gire  the 
mortar  a  bluish-gray  colour,  it  produces  a  cement  of  extraordinary 
hardness  and  tenacity,  which  is  probably  a  double  silicate  of  lime 
and  protoxide  of  iron. 

An  ordinary  proportion  of  mine-dust  is  about  one  part  (by 
volume)  to  two  parts  of  hydraulic  lime,  measured  in  the  diy  state ; 
but  the  best  way  to  fix  the  proportions  is  by  trial 

Artificial  pozzolana  may  be  made  by  grinding  bricks,  or  by 
burning  good  brick-clay  and  grinding  it;  in  short,  by  any  process 
which  yields  a  dry  powder  of  silicate  of  alumina,  or  compoimd 
silicate  of  alumina  and  iron. 

229.  Hmrtar,  CewviMi  mmd  KfAmvUc. — Mortar  is  made  by  mix- 
ing lime  and  sand  with  enough  of  water  to  form  them  into  a  semi- 
fluid paste,  in  which  state  it  is  used  as  a  binding  material  in 
masonry  and  brickwork. 

Common  Mortar,  being  made  with  pure  lime,  hardens  in  the  air 
by  the  evaporation  of  the  water,  and  by  the  absorption  of  carbonate  of 
lime  from  the  atmosphere,  which  crystallizes  in  the  course  of  years. 
If  the  water  evaporates  too  fast,  the  mortar  falls  to  powder;  if  it 
does  not  evaporate,  the  mortar  remains  always  soft  Very  slow 
evaporation  of  the  water  is  therefore  favourable  to  the  idtimate 
hardness  of  the  mortar. 

Hydraulic  Mortar,  being  made  with  hydraulic  lime,  hardens 
partly  by  the  formation  and  crystallization  of  carbonate  of  lime,  as 
above  stated,  but  principally  by  the  formation  and  crystallization 
of  a  complex  silicate  of  lime,  alumina,  and  other  basea  (See 
Article  225,  p.  371.) 

Common  mortar  may  be  made  hydraulic  by  a  mixture  of 
puzzolana.     (Article  228,  above.) 

The  sand  employed  should  be  clean,  sharp,  and  rather  coarse 
than  fine.  In  order  to  render  sand  which  is  naturally  mixed  with 
clay  fit  for  use  in  making  mortar,  it  should  be  washed  by  stirring 
it  amongst  water,  a  slight  current  of  which  will  cany  away  thi» 
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day  in  siis|)emdony  and  leave  the  sand.  €iood  sand  for  mortar  is 
obteined  by  crushing  soft  sandstone.  Sea-sand  should  be  washed 
witli  fresh  water;  otherwise  the  salts  contained  in  it  will  keep  the 
mortar  always  moist 

In.  hydraulic  as  well  as  in  common  mortar  the  sand  remains  in  a 

stste  merely  of  mechanical  mixture,  so  that  the  mortar,  when 

hardened,  becomes  a  sort  of  artificial  sandstone,   consisting  of 

grmins  of  sand  imbedded  in  a  matrix  of  carbonate  of  lime,  or  of 

silicate  of  lime  and  other  bases,  as  the  case  may  be.     The  uses  of 

the  mixture  of  sand  with  the  lime  are  as  follows : — 

To  save  expense,  by  diminishing  the  bulk  of  the  lime,  which  is 
the  more  costly  material,  required  to  fill  a  given  joint  in  the 


To  increase  the  resistance  of  the  mortar  to  crushing. 

To  lessen  the  amount  of  shrinking,  and  the  consequent  tendency 
to  crack,  during  the  diying  of  the  mortar. 

Bat^  at  the  same  time,  the  mixture  of  sand  diminishes  the 
tenacity  of  the  mortar ;  and  if  too  much  be  used,  the  mortar  will 
beeome  brittle,  and  fall  to  powder  as  it  dries. 

The  proportion  of  sand  which  lime  will  "  bear,**  as  it  is  called, 
wiihoat  making  the  mortar  brittle,  is  the  greater  the  purer  the 
lime,  and  the  less  the  more  strongly  hydraulic  the  lime  is.  The 
best  proportions,  according  to  Yicat,  are — 

2'4  measures  of  sand  to  1  of  pure  slaked  lime  in  paste; 
1-8  measures  of  sand  to  1  of  good  hydraulic  lime  in  paste; 

and  Hme  of  intermediate  qualities  bears  intermediate  proportions  of 
sand. 

When  sand  and  puzzolana  are  mixed  with  pure  lime  to  make 
hydraulic  mortar,  the  sand  and  puzzolana  together  may  measure 
from  double  to  2^  times  the  volume  of  the  lime  before  slaking. 

In  mixing  mortar,  however,  the  best  method  is,  to  ascertain 
the  proper  proportions  in  each  case  by  trial 

The  labour  of  mixing  mortar  by  the  shovel  may  be  estimated  at 
about 

I  of  a  day*s  work  of  a  man  per  cubic  yard. 

A  two  horse  pug-miU  mixes  mortar  at  the  rate  of  from  20  to  25 
cabic  yards  per  day. 

As  hydraulic  mortar  tends  to  eet,  or  harden,  even  in  the  wet  state, 
it  flhoold  not  be  mixed  until  immediately  beforo  it  is  I'equired  for  use. 

230.  €#acnte  sad  Bctea.— Common  concrete  is  a  mixture  of 
mortar  with  gravel,  in  proportions  such  that  the  gravel  and  sand 
together  toe  about  six  times  the  volume  of  the  lime.  It  may  be 
mixed  either  hy  hand  or  by  the  pug-milL 
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Strong  ffydravlie  Concrete^  to  wliich  the  name  heUm,  borrofwed 
from  the  French,  has  been  applied,  is  made  by  mixing  angular 
fragments  of  stone  of  from  1^  to  2  inches  in  diameter,  ivith 
hydraulic  mortar  in  such  proportions,  that  the  mortar  is  a  little 
more  than  enough  to  fill  the  spaces  between  the  stones : — a  propor- 
tion which  is  easily  found  by  trial  in  each  case.  It  may,  however, 
be  estimated  as  varying  from 

1  volume  of  stones  and  1  volume  of  mortar,  to 

2  volumes  of  stones  and  1  volume  of  mortar. 

Concrete  and  beton,  when  mixed,  occupy  at  first  from  two-tbirds 
to  three-fourths  of  the  total  volume  of  their  materials  before  mixing  ; 
and  when  laid  and  rammed,  they  undergo  a  further  settlement  of 
about  one-sixth  j  so  that  the  final  volume  of  concrete  and  beton. 
varies  from 

2  to  ^  of  the  volume  of  the  materials  when  unmixed. 

When  rounded  stones  only  can  be  obtained,  such  as  flints  from 
the  chalk  strata,  they  may  be  made  fit  for  the  composition  of  beton 
by  breaking  them  with  the  hammer  into  angular  pieces. 

231.  nixcd  c«m«Bt.— Cement  which  is  to  dry  and  set  when  fully 
exposed  to  the  air,  as  at  the  outer  edges  of  joints,  or  on  the  £Etce  of 
a  wall,  should  be  mixed  with  sand,  to  prevent  unequal  diying,  and 
consequent  shrinking  and  cracking.     The  proportions  vary  from 

1  measure  of  sand  and  2  of  cement,  to 
1  measure  of  sand  and  1  of  oementw 

Every  mixture  of  sand  diminishes  the  tenacity  of  cement;  so  much 
so  that  a  mixture  of  equal  parts  of  sand  and  cement  has  only  one- 
fourth  part  of  the  tenacity  of  pure  cement.  Where  the  sur&ce  of 
the  cement,  therefore,  is  not  exposed  to  the  air,  the  only  advantage 
of  a  mixture  of  sand  is  the  saving  of  expense;  and  where  great 
tenacity  is  required,  pure  cement  should  be  used 

232.  Surength  •f  ]9I«vUir,  Cement,  Oeacrete.  mnd  Beiea.^ — ^To  the 

data  given  in  the  tables  in  the  appendix,  the  following  results  of 
experiment  may  be  added : — 

A  YlSAB  AND  A-HALF  AJTEB  MlXTUBE.       i^SlZ^a^«i. 

Mortar  of  Lime  and  Kiver-Sand, 440 

„  „  „  beaten,*  •••••.••  600 

Mortar  of  lime  and  Pit-Sand, 580 

,  „  „  „        beaten, •••  800 

Hydraulic  Mortar,  of  lime  and  pounded  tiles,.. ••••  680 

„  „  ,,  beaten,  930 

Beton,  or  concrete,  of  mortar  and  broken  flints^  420 
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SiXTium  Tubs  aftbb  MnruBXy  the  increase  of  strengUi  is  in  the 
fbUowing  propartions: — 

For  common  mortar, i-8th. 

For  hydraulic  mortar, i-4th. 

(The  above  results  are  given  on  the  authority  of  Bondelet) 

Oin.  Ykab  arkb  MixTUM.  JE^STiSL 

Good  hydraulic  lime, 170 

Ordinary  hydraulic  lime  <  .       ^ 

I  .              Bich  lime, 40 

^                 Good  hydraulic  mortar, 140 

Ordinary  hydraulic  mortar, 85 

€}ood  common  mortar, 50 

I                 Bad  common  mortar, ao 

(The  above  are  firom  Yicat) 

Six  Months  aftbr  Mixture. 

Adhesion  of  common  mortar  to  compact  lime- 
stone,      15 

Adhesion  of  common  mortar  to  brick,  33 

(The  above  are  firom  Bondelet) 

Cement  firom  Chalk  lime  and  Blue  Clay,  a  few 

days  after  mixture  (Sir  C.  W.  Pasley), 125 

Portland  Cement  (firom  compact  limestone  and 

clay)  30  to  50  days  after  mixture, 1200  to  1550 

233.  GypMUi— Phuicr  mt  Parte.— Gypsum  IB  a  compound  of 
Eolphate  of  lime  with  water,  in  the  following  proportions : — 

One  equivalent  of  sulphuric  acid  (sulphur  16  + 

oxygen  24)^ 40*0 

One  equivalent  of  lime, 28*5 

Two  equivalents  of  water, 18*0 

It  18  found  stratified,  and  in  various  conditions,  crystalline, 
knunsted,  granular,  and  earthy.  It  is  translucent,  usually  white 
or  gray,  has  a  pearly  lustre,  and  can  be  easily  scratched  with  a 
kni^  being  intermediate  in  hardness  between  rock-salt  and  cal- 
careous spar. 

By  calcining  gypsum  the  water  is  expelled,  and  it  becomes  a 
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dry  white  powder  of  sulphate  of  lime,  known  as  "  Pkuier  ofPtMris.^ 
When  this  powder  is  rapidly  mixed  with  water,  so  as  to  form  & 
paste,  it  immediately  begins  to  combine  with  part  of  the  wuter,  so 
as  to  reproduce  gypsum  in  a  compact  granular  state;  heat  is  at  the 
same  time  developed,  which  hastens  ^e  evaporation  of  the  super- 
fluous water.  The  mixture  should  be  made  by  putting  the  po^wder 
into  the  water,  not  the  water  amongst  the  powder.  The  proportion 
of  water  used  varies  according  to  the  purpose  to  which  the  plaster 
is  to  be  applied;  on  an  average  it  is  about  equal  in  bulk  to  the 
powder. 

The  tenacity  of  plaster,  after  it  has  "  set/'  or  hardened,  accordixFg 
to  Bondelet,  is  about  70  lbs.  per  square  incL 

234.  Bic«miM«B«  CcMMit  aad  c^acrde.— A  bituminous  cement  is 
a  mixture  of  a  pitchy  or  bituminous  substance  with  an  earthy 
substance. 

For  example,  AsphaUie  Mastic  is  made  by  mixing  BUumeny  or 
mineral  tar,  obtained  from  bituminous  shale  or  sandstone,  with  the 
powder  of  bituminous  limestone  or  asphaU : — a  mineral  which  con- 
sists of  carbonate  of  lime,  containing  in  its  pores  from  3  to  lo  per 
cent,  of  bitumen. 

The  asphalt  may  either  be  broken  into  small  fragments  or 
ground  to  powder.  It  is  then  combined  with  the  bitumen  hy 
heating  the  latter  in  an  iron  boiler,  and  adding  the  asphalt  by 
degrees,  taking  care  to  mix  the  ingredients  welL  The  proportions 
vary  with  the  composition  of  the  asphalt,  less  bitumen  being 
required  for  that  asphalt  which  contains  much  bitumen.  The 
average  proportion  may  be  estimated  at  about  1  part  by  measure  of 
bitumen  to  7  or  8  of  asphalt. 

Artificial  asphaltic  mastic  may  be  made  by  substituting  coal-tar, 
or  a  solution  of  pitch  in  pitch-oil,  for  bitumen,  and  adding  to  ib 
finely  ground  limestone  till  a  proper  consistency  is  attained. 

A  mastic  composed  of  coal-tar  and  finely  ground  fireclay,  in 
proportions  which  have  never  been  exactly  determined,  but  which 
are  adjusted  by  trial  until  the  mixture  when  cool  is  just  soft 
enough  to  yield  visibly  to  the  pressure  of  the  nail,  and  no  more, 
has  been  found  exceedingly  useful  to  make  tight  joints  in  pipes, 
especially  those  traversed  by  strong  acids,  which  would  act  upon  a 
mastic  containing  limestone. 

A  bUtMninoiis  or  cbspfudtic  mortar,  as  it  may  be  called,  is  made  by 
adding  to  the  before-mentioned  mixture  of  bitumen  and  powdered 
asphalt,  about  a  thirty-fifth  of  its  bulk  of  resin  oil,  and  three-fifths 
of  its  bulk  of  sand. 

11  Measures  of  this  mixture,  with  9  of  broken  stone,  make  a  sort 
of  bttwrrdnotie  concrete,  suited  for  covering  the  surfaces  of  roada.  Its 
use  will  be  further  described  under  the  head  of  EoADS. 
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SacnoK  rV. — Of  Ordinary  FourukUions, 


235.  ^rmmmrf  Wmum4mi§mm  DcAbmI  sb4  €tmm94,-^The  foundcUtCn 
of  a  iirork  of  masomy  on  land  oonsistSy  in  the  first  place,  of  an 
excavation  in  the  ground,  and  secondly,  if  required,  of  a  sto-ueture 
at  the  bottom  of  that  excavation,  suited  to  form   a  firm   base 
for  the  masomy.     The  foundations  to  which  this  section  relates 
are  those  in  which  either  an  excavation  alone  is  required,   or 
an  excavation  partially  filled  with  sand,  stones,  concrete,  or  beton. 
Foundations  of  a  more  difficult  character,  and  requiring  more  com- 
plex works  to  render  them  secure,  will  be  treated  of  in  a  later 
chapter. 

Ordinaiy  foundations  are  ranged  under  three  classes,  viz. : — 
L  FoundaUons  in  Bock,  or    material  whose  stability  is  not 
impaired  by  saturation  with  water. 
n.  Fovndations  infirm  earth,  such  as  sand,  grave),  and  hard  clay, 
m.  FoundcUiona  in  9oft  ea/rth. 

The  base  of  every  foundation  should  be  as  nearly  as  possible  per- 
pendicular to  the  direction  of  the  pressure  which  it  is  to  sustain, 
and  of  sufficient  area  to  bear  that  pressure  with  safety.  The  area 
is  increased  to  any  required  extent  by  making  the  lowest  courses  of 
masomy  or  brickwork  in  the  building  spread  out  by  a  series  of 
stepE;  by  supporting  them  on  a  sufficiently  broad  layer  of  concrete 
or  beton;  by  making  inverted  arches  under  openings;  and  by  other 
o(mtrivance&  The  cefni/re  of  resistance  of  the  foundation  of  a  piece  of 
masomy  (or  point  traversed  by  the  resultant  of  the  pressure), 
should  not  deviate  from  the  centre  of  gravity  of  its  figure  beyond 
certain  limits,  which  will  be  afterwards  specified  in  particular 


236.  B«ck  F««idattons.— To  prepare  a  rock  foundation  for  being 
built  upon,  the  following  are  in  general  all  the  operations  that  are 
required: — 

I.  To  cut  away  all  loose  and  decayed  parts  of  the  rock. 

IL  To  cut  and  dress  the  rock  to  a  plane  surface,  or  to  a  set  of 
I'lane  surfaces  like  those  of  steps,  perpendicular,  or  nearly  perpen- 
dicular, to  the  pressure  to  be  sustained. 

in.  To  fill,  if  necessary,  hollows  in  rock  with  beton,  or  with 
rabble  masomy. 

rV.  In  some  cases  it  is  advisable,  in  order  to  distribute  the 
preflsnre,  that  the  rock  should  be  covered  with  a  layer  of  beton, 
▼hoee  thickness,  in  different  examples,  ranges  from  a  few  inches  to 
Qx  feet  and  upwards. 

The  intensity  of  the  pressure  on  a  rock  foundation  should  at  no 
point  exceed  one-eighth  of  the  pressure  which  would  crush  the  rock. 
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(See  Article  215,  p.  36.)  The  following  are  examples  of  the 
actual  intensitj  of  the  pressure  on  some  existing  rock  found- 
ations : — 

Picmuttin  Ibb 
on  the  on  the 

Square  Foot    Square  Inch. 

Average  of  ordinary  cases,  the  I'ock 
being  at  least  as   strong  as  the 

strongest  red  bricks, 20,000     ...      140 

Pressures  at  the  base  of  St.  RoUox 
Chimney  (450  feet  below  the  sum- 
mit) : — 

On  a  layer  of  strong  concrete  or 

beton,  6  feet  deep, 6,670     ...       46 

On  sandstone  below  the  beton,  so 
soft  that  it  crumbles  in  the 
hand, 4,000     ...        28 

The  last  example  shown  the  pressure  which  is  safely  borne  in 
practice  by  one  of  the  weakest  substances  to  which  the  name  of 
rock  can  be  applied. 

The  proper  rule  for  limiting  the  deviation  of  the  centre  of 
resistance  of  a  rock  foundation  from  the  centre  of  gravity  of  its 
figure  is,  that  Ulcere  should  he  no  tension  at  any  point  of  the  base. 
The  following  is  the  formula  for  calculating  the  greatest  value  of 
the  deviation  in  question  which  is  consistent  with  that  limi- 
tation : — * 

Let  A  denote  the  area  of  the  base; 

y  the  distance  from  the  centre  of  gravity  of  the  figure  of  the  base 
to  the  edge  furthest  from  the  centre  of  resistance ; 

h  the  total  breadth  of  the  base  in  the  same  direction ; 

I  the  moment  of  inertia  of  that  figure,  computed  as  for  the  cross- 
section  of  a  beam  relatively  to  a  neutral  axis  traversing  the  centre 
of  gravity  at  right  angles  to  the  direction  of  the  deviation  to  he 
found.  (See  Article  162,  pp.  252-254,  and  Article  179,  pp 
294,  295.) 

I  the  deviation  to  be  found; 

then 

»=^y=?*' a) 

in  which  expression,  q  has  the  same  meaning  as  in  Article  179,  p|). 
294,  295,  where  a  table  of  its  values  for  various  figures  is  given. 

*  See  AppUed  Mechama,  Artiole  94,  pp.  76,  77 ;  Article  205,  pp.  228,  229. 
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The  onlj  assamption  involved  in  this  equ*ation  is,  that  the  presBure 
on  the  finuidation  is  an  vniformly  varying  stress. 

237.  Thtmrf  •T  garth  p— wdtieM,  {A.M.,  199.) — In  earth  whose 
friction  is  alone  to  be  relied  on  for  resistance  to  displacement  by  the 
pressure  of  a  bnilding,  the  weight  of  earth  displaced  bj  the 
foondation  should  not  bear  a  less  ratio  to  the  weight  of  the  bnild- 
iog  than  that  given  bj  the  following  equations,  in  each  of  which 

X  represents  the  depth  of  the  foundation ; 
to  tbe  weight  of  a  cubic  foot  of  the  earth; 
0  its  angle  of  repose. 

Case  L  Let  the  weight  of  the  building  be  uniformly  distributed 
over  its  base,  and  let  jdq  be  the  intensity  of  the  pressure  produced 
byit    Then 

t^^/1-sin^y 

Pq    —  M  +  sin  ^/  ^   ' 

Case  IL  When  the  weight  of  the  building  is  so  distributed  that 
tbexe  is  an  uniformly  varying  pressure  on  the  foundation,  as  as- 
somed  in  Article  236,  let  p^  W  the  greatest,  p^  the  least,  and  Pq  the 
mean  intensity  of  that  pressure;  then  the  two  following  conditions 
must  he  fulfilled : — 

wx        /I  —  sin  <pY  . 

p^   —  Vl  +  sin  ^y  ' ^^'> 

^^1; (3.) 

^ence  are  deduced  the  following  restrictions  as  to  the  extent 
of  variation  of  the  intensity  of  the  pressure  on  the  base,  and  the 
[lotion  of  its  centre  of  resistance  from  the  centre  of  gravity  of 

its  figure. 

p^—  \1  — 8in(p/  ' ^**^ 

Po  ^  ^ 

^^Hien  the  figure  of  the  foundation,  as  is  usually  the  case,  is 
symmetrical  about  its  neutral  axis,  we  have 

ttd  consequently, 

w  X        (1  —  sin  ^)^  _  1  _    2  sin  ^  .- . 

^—  l  +  sin*^"""^       1+  sin*^' ^'^ 


] 
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>  1    Pi — Pi  •       2  sin  ^  ,^  . 

The  following  table  gives  some  examples  of  tlie  values  of  the' 
functions  of  the  angle  of  repose  which  occur  in  the  preceding 
fonnuln : — 


<f> 

15^ 

20« 

25^ 

30° 

35' 

40^ 

45' 

1  +  sin  ^ 
1  — sin  ^ 

1700 

2I4S 

2-464 

3*000 

3690 

• 

4599 

5-826 

1  —  sin  ^ 
1  +  sin  ^ 

0-588 

0-466 

0*406 

0333 

0-271 

0*217 

0*172 

/I  +  sin  (py 
M  —  sin  0/ 

2*890 

4-472 

6-070 

9-000 

13-619 

21*152 

33*94 

n    sin  ,y 

\1  +  sm  0/ 

0-346 

0*224 

• 

0-165 

O'lII 

0-073 

0*047 

0*0295 

1  +  sin*  0 
(1  —  sin  0f 

• 

1*945 

2-736 

3'535 

5*ooo 

7*310 

11*076 

1 7 '47 

(I— sin(p)2 
1  +  sin*  0 

0-5U 

0-421 

0-283 

0-200 

0*137 

0*090 

0-057 

2  sin  0 
1  +8in2(p 

0-486 

o'S79 

0-717 

0-800 

• 

0-863 

0*910 

0943 

238.  F«BBdaa«aa  in  Ffarm  Banh«— When  a  foundation  is  to  be 
made  in  such  earth  as  hard  clay,  clean  dry  gravel,  or  clean  sharp  sand, 
— that  is  to  say,  in  earth  which  has  conaideiuble  Mctional  stability, 
and  is  not  liable  to  have  that  stability  diminished  by  becoming 
saturated  with  water, — ^it  is  rarely  necessary  to  apply  the  principles 
of  the  preceding  article;  because  the  depth  to  which  the  foundation 
must  be  sunk,  in  order  that  the  building  may  rest  on  earth  below 
the  reach  of  the  disintegrating  effects  of  fi*ost  and  drought,  is  almost 
always  greater  than  IJiose  pi-inciples  require.  In  Britain  that 
depth  should  be  at  least  3  feet  for  sand  and  4  feet  for  clay.  In 
continental  regions,  where  the  climate  has  greater  extremes  of  heat 
and  cold,  a  greater  depth  is  necessary.  For  example,  in  Germany,  it 
appears  that  the  depths  of  ordinary  foundations  are  ^m  4  to  5 
feet,  and  in  North  America  from  4  to  6  feet. 

Care  should  be  taken  to  divert  surface- water,  which  may  tend  to 
run  into  the  foundation,  by  means  of  catchwater  drains,  just  as  io 
other  cuttings  (Article  189,  p.  334);  and,  if  necessary,  drains  ought 
also  to  be  made  at  the  bottom  of  the  foundation. 

The  greatest  intensity  of  pressure  on  foundations  in  firm  earth  is 
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nsoially  firom  2,500  to  3,500  Iba  per  square  foot>  or  from  17  to 
23  lis.  per  square  inch. 

In  fixing  ^e  "  spread"  or  additional  breadth  given  to  the  "  foot* 
ings"  or  foundation  courses  of  the  masonry  or  brickwork  of  ordinary 
wills,  the  usual  rule  is  to  make  the  breadth  of  the  base  once-and- 
a-half  the  thickness  of  the  body  of  the  wall  in  compact  gravel,  and 
tvioe  that  thickness  in  sand  and  stiff  clay. 

239.  In  WmmmdwMmam  •■  %mti  Bank  care  must  be  taken  that  the 
depth  of  the  foundation  is  not  less,  as  compared  with  the  pressure  of 
the  buildings,  and  the  deviation  of  the  centre  of  resistance  not 
greater,  as  compared  with  the  breadth  of  base,  than  the  limits  given 
\5j  the  formulse  of  Article  237.  Those  objects  are  promoted  by 
making  the  breadth  of  the  base  of  the  masonry  as  great  as  is 
practicable,  so  as  at  once  to  distribute  its  weight  over  a  large 
sar&oe,  and  to  increase  the  breadth  as  compared  with  the  deviation 
of  the  centre  of  resistance  from  the  centre  of  gravity  of  the  base. 

If  practicable,  the  ground  should  be  well  drained  before  the 
digging  of  the  foundation  is  commenced,  in  order  to  increase  its 
Urmness  as  far  as  possible. 

Precisely  as  in  the  case  of  an  embankment  on  soft  ground 
(Article  204,  p.  343),  a  trench  may  be  dug  and  filled  with  a  stable 
material,  such  as  sand  or  concrete,  in  order  to  distribute  the  pres- 
sure, and  convey  it  to  a  sufficiently  low  stratum  of  the  softer 
material    To  find  the  proper  depth  for  the  trench — 

Let  p^  be  the  greatest  intensity  of  pressure  of  the  intended 
building  on  its  base,  in  lbs.  per  square  foot.  In  calculating  this 
qiiantity,  if  the  trench  is  to  be  filled  with  sand,  the  area  over  which 
the  weight  of  the  building  is  distributed  should  be  taken  as  simply 
equal  to  the  area  of  the  lowest  course  of  foundation  stones.  But  if 
the  trench  is  to  be  filled  with  beton,  the  weight  may  be  considered 
(as  in  an  example  ^ven  in  p.  378)  to  be  distributed  over  the  whole 
area  of  the  layer  of  beton,  provided  the  edges  of  that  layer  do  not 
project  beyond  the  edges  of  the  foundation  stones  to  a  distance 
greater  than  the  depth  of  the  layer  of  beton. 

Let  vj  be  the  weight  in  lbs.  of  a  cubic  foot  of  the  material  with 
vhich  the  trench  is  to  be  filled;  being  about  90  lb&  for  sand  and 
130  for  strong  concrete  or  beton — 
vfy  the  weight  of  a  cubic  foot  of  the  soft  earth ; 
^,  its  angle  of  repose; 

1  "— »  SlU  V 

also  let  T— s — 5 — ;  =  ^  j  tf^r  values  of  k'  and  of  k*^.  see  p.  380) : 
1  +  sin  r  '        r-        / ' 

and  the  required  depth  of  the  trench  =  a/ ;  then 

■j  =  -^^ (1.) 
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The  material  for  filling  the  trench  should  be  laid  and  rammed  in 
layers  of  about  a  foot  deep.  If  concrete  is  used,  the  effect  of 
ramming  may  be  produced  by  throwing  it  down  from  a  scaffolding 
at  least  ten  feet  high. 

If  the  trench  is  filled  with  sand,  the  building  may  be  founded  on 
the  layer  of  sand  as  on  a  natural  sand  foundation. 

If  the  trench  is  filled  with  concrete,  the  building  is  to  be  built 
on  the  upper  surface  of  that  layer  as  soon  as  it  is  «8(,  care  being 
taken  that  the  intensity  of  the  pressure  on  the  concrete  does  not 
anywhere  exceed  one-eighth  part  of  its  resistance  to  crushing;  that 
is  to  say,  about 

— -^—  =  6,660  lbs.  on  the  square  foot,  or 

-^-  =  46  lbs.  on  the  square  inch. 

In  buildings  which  contain  a  number  of  openings,  such  as  arches, 
windows,  doorways,  <!^a,  the  distribution  of  the  load  on  the 
foundation  over  an  increased  area  may  be  effected  by  means  of 
inverted  arches  under  the  openings,  provided  those  arches  are  very 
accurately  built. 

The  more  difficult  class  of  foundations  in  soft  ground,  which 
require  the  use  of  timber  or  iron  to  make  them  safe,  will  be  treated 
of  in  a  later  chapter. 

When,  by  trial-pits  and  borings,  it  ia  shown  that  a  sq/t  stratum 
underlies  a  firm  one,  equation  1  should  be  applied  in  order  to 
determine  whether  the  depth  (ocf)  of  the  firm  stratum  is  sufficient 
to  make  the  foundation  safe.  When  the  firm  stratum  consists  of 
sound  rock,  the  intensity  p^  of  the  pressure  on  the  soft  stratum  due 
to  the  weight  of  the  building  may  be  computed  according  to  the 
same  rule  as  for  a  layer  of  concrete.  The  results  of  this  method 
will  err  on  the  safe  side. 

Section  V. — GonstrtLcHon  of  Stone-Mcutonry. 

240.  OMicnd  PrtaclplM. — The  following  principles  are  to  be 
observed  in  the  building  of  all  classes  of  stone-masonry. 

I.  To  build  the  masonry,  as  far  as  possible,  in  a  series  of  courses, 
perpendicular,  or  as  nearly  perpendicular  as  possible,  to  the  direction 
of  the  pressure  which  they  have  to  bear;  and  to  avoid  all  loDg 
continuous  joints  parallel  to  that  pressure  by  "  breaking  joint.*' 

II.  To  use  the  largest  stones  for  the  foundation  course. 

III.  To  lay  all  stones  which  consist  of  layers  or  **  beds  **  in  such 
a  manner  that  the   principal  pressure  which  they  have  to  bear 
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shall  act  in  a  direction  perpendicular^  or  as  nearly  perpendicular  as 
poeadble,  to  the  direction  of  the  layers.  This  is  called  ''  laying  the 
wUme  on  Us  natural  bed"  and  is  of  primary  importance  to  strength 
and  durability,  as  has  been  already  explained  in  various  Articles. 

IV.  To  moisten  the  surface  of  dry  and  porous  stones  before 
bedding  them,  in  order  that  the  mortar  may  not  be  dried  too  fast, 
and  reduced  to  powder  by  the  stone  absorbing  its  moisture. 
(Artide  229,  p.  372.) 

V,  To  fill  eycry  part  of  eveiy  joint,  and  all  spaces  between  the 
stones,  with  mortar;  taking  care  at  the  same  time  that  such  spaces 
shall  be  as  small  as  possible. 

141.  mmmmurr  €!■■■<<  The  /€u:e  of  a  stone  is  its  outer  sur£Eice 
which  is  exposed  to  view.  Its  beds  are  the  surfaces  parallel  to  the 
layera.  Its  rides  are  the  surfaces  which  bound  it  in  a  direction 
txansrerae  both  to  the  face  and  to  the  beds.  The  term  bed  is  also 
applied  to  the  joints  between  or  parallel  to  the  courses,  through 
whidi  the  principal  pressures  act;  these  joints  are  also  called  bSd- 
joinie;  the  ride-joints,  or  joints  transverse  both  to  the  beds  and  the 
&ce,  are  often  called  viisxplj  jomts, 

llie  ekssification  of  masonry  for  engineering  purposes  is  based 
abnost  entirely  on  the  size  and  figure  of  the  stones,  and  on  the 
manner  in  which  the  joints,  whether  bed-joints  or  side-joints,  are 
formed  and  executed,  the  appearance  of  the  £bu»  being  a  matter  of 
■eeondaiy  importance. 

The  principal  tools  employed  in  the  dressing  of  stone  are,  the 
sGBbbfii:^  hammer,  whose  he»d  is  pointed  at  one  end  like  a  pick, 
snd  axe-formed  at  the  other,  and  yarious  chisels,  of  which  one  is 
pointed  at  the  end,  and  the  others  flat,  and  of  breadths  ranging 
from  one  to  three  inches,  or  thereabouts. 

The  scabbling  hammer  produces  a  rough  approximation  to  a 
plane  sur&ce;  the  point  gives  a  closer  approximation,  producing  a 
smface  covered  with  a  number  of  small  parallel  ridges  and  furrows ; 
the  ^  inch-tool  ^  and  other  flat-ended  chisels  cut  away  the  ridges 
left  by  the  point,  producing  still  greater  smoothness.  Stone  thus 
dressed  is  said  to  be  "  droved." 

There  are  an  indefinite  number  of  different  qualities  of  masonry, 
from  "  perpend  ashlar,"  in  which  every  stone  is  hewn  to  a  regular 
fignre  and  exactly  fitted  to  the  adjoining  stones,  to  common 
rabble,  in  which  the  stones  are  built  nearly  as  they  come  from  the 
qoany,  great  irregularities  of  figure  alone  being  r^uced  by  means 
of  the  hammer. 

For  engineering  purposes,  masonry  may  be  classed  generally 
ander  four  principal  kinds,  viz.: — Ashlar  —  Block-in-course  — 
Cbniwd  Babble — and  Conmion  Rubble — and  the  combinations 
of  tiiose /bur  kinds. 
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242.  Aaiikir  Mmammrff  or  hewn  stone,  consists  of  blocks  cut  to 
regular  figures,  generally  rectangular,  and  built  in  courses  of  an 
uniform  depth,  which  is  seldom  less  than  a  foot. 

In  order  that  the  stones  may  not  be  liable  to  be  broken  across, 
no  stone  of  a  soft  material,  such  as  the  weaker  kinds  of  sandstone 
and  granular  limestone,  should  have  a  length  greater  than  3  times 
its  depth;  in  haixier  materials,  the  length  may  be  4  or  5  times  the 
depth.  The  breadth,  in  soft  materials,  may  range  from  1^  times  to 
double  the  depth ;  in  hard  materials,  it  may  be  3  times  the  depth. 

The   bed-joints  and   side-joints  are  dressed  to  plane   sur&uoes 
(and  in  some  exceptional  cases  to  be  afterwards  specified,  to  curved 
surfaces).     In  the  case  of  plane  joints  this  is  done  by  making  an 
accurately  plane  chisel-draught  all  round  the  edges  of  the  suriace 
to  be  shaped,  and  if  the  stone  is  large,  some  additional  transverse 
chisel-draughts  in  the  same  plane,  and  dressing  the  remainder  of 
the  surface  by  the  point  down  to  the  plane  of  the  chisel-draught, 
which  serves  as  a  guida     The  accuracy  with  which  this  is  done  is 
of  special  importance  in  the  case  of  bed-joints ;  for  if  any  part  of  the 
surface  pik>jects  beyond  the  plane  of  the  chisel-draught,  that  pro- 
jecting part  will  have  to  bear  an  undue  share  of  the  pressure, 
which  will  be  concentrated  upon  it;  and  the  joint,  which  will  gape 
at  the  edges,  constituting  what  is  called  an  open  jointy  will  be 
wanting  in  stability.     On  the  other  hand,  if  the  surfJBLce  of  the  bed 
is  concave,  having  been  dressed  down  below  the  plane  of  the  chisel- 
draughts,  the  pressure  is  concentrated  on  the  edges  of  the  stone,  to 
the  risk  of  splintering  them  off.   Such  joints  are  said  to  be  Jktshed. 
They  are  more  difficult  of  detection  after  the  masonry  has  been 
built  than  open  joints,  and  are  often  executed  by  design,  in  order  to 
give  a  neat  appearance  to  the  face  of  the  building;  and  therefore 
their  occurrence  must  be  guarded  against  by  careful  inspection  of 
the  progress  of  the  stone-cutting. 

When  the  stone  has  been  dr^sed  so  that  all  the  small  ridges  on 
its  surface  are  in  one  plane  with  the  chisel-draughts,  the  pressure 
is  distributed  with  a  near  approach  to  uniformity;  for  the  mortar 
serves  to  transmit  it  to  the  furrows  between  the  ridges. 

Great  smoothness  is  not  desirable  in  the  joints  of  ashlar  masoniy 
intended  for  strength  and  stability;  for  a  moderate  degree  of 
roughness  adds  at  once  to  the  resistance  to  displacement  by  sliding, 
and  to  the  adhesion  of  the  mortar. 

Each  stone  should  first  be  fitted  into  its  place  dry,  in  order  that 
any  inaccuracy  of  figure  may  be  discovered  and  corrected  by  the 
stone-cutter,  before  it  is  finally  laid  in  mortar,  and  settled  in  its 
bed.  "No  side-joint  in  any  course  should  be  directly  above  a  side- 
joint  in  the  course  below;  but  the  stones  should  overlap  or  Intak 
joItU  to  an  extent  of  from  once  to  onoe-and-a-half  the  depth  of  a 
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oonrae.  This  ia  called  the  bond  of  the  maaoniy :  its  effect  is  to  make 
each  stone  be  supported  bj  at  least  two  stones  of  the  course 
belovy  and  assist  in  supporting  at  least  two  stones  of  the  course 
above;  and  its  objects  are  twofold:  JirHf  to  distribute  the  pressure; 
so  that  inequalities  of  load  on  the  upper  part  of  the  structure,  or  of 
resistance  at  the  foundation,  may  be  tnvnsmitted  to  and  spread 
OY&r  an  increasing  area  of  bed  in  proceeding  downwards  or  upwards, 
as  the  case  may  be;  and  secondly y  to  tie  the  building  together,  or 
give  it  a  sort  of  tenacity,  both  lengthwise  and  from  face  to  back, 
by  means  of  the  friction  of  the  stones  where  they  overlap. 

A  stone  which  lies  with  its  greatest  length  parallel  to  the  fooe  of 

the  building  is  called  a  fMUsher.     A  stone  which  lies  with  its 

greatest  length  perpendicular  to  the  £eu»  of  the  building  is  called  a 

header.     Stretchers  tie  the  building  together  lengthwise,  headers 

croanrise.     The  strongest  bond  in  ashlar  masonry  is  that  in  which 

each  course  at  the  £&oe  of  the  building  contains  a  header  and  a 

stretcher  alternately,  the  outer  end  of  each  header  resting  on  the 

middle  of  a  stretcher  of  the  course  below ;  so  that  rather  more  than 

cmrthird  of  tiie  area  of  the  face  consists  of  ends  of  headera     This 

proportion  maybe  deviated  from  when  circumstances  require  it; 

bat  in  every  case  it  is  advisable  that  the  ends  of  headers  should 

not  form  less  than  (m^fom-th  of  the  whole  area  of  the  face  of  the 

building. 

Qvamtj  or  comer-stones,  which  should  be  of  large  size  and 
cbosen  with  special  care,  are  at  once  headers  and  stretchers;  each 
quoin  being  a  header  relatively  to  one  of  the  two  faces  of  the 
bailding  which  it  connects,  and  a  stretcher  relatively  to  the  other. 
The  tkieknass  of  mortar  in  the  joints  of  well-executed  ashlar 
masonry  should  be  about  an  eighth  of  an  inch.  The  volume  of  mortar 
required  in  all  is  about  one-eighth  part  of  the  volume  of  the  stone. 
Ashlar  masonry  is  used  in  engineering  chiefly  for  the  piers, 
abutments,  arches,  and  parapets  of  bridges,  for  hydraulic  works  to 
be  afterwards  specified,  for  facing,  quoins,  string  courses,  and 
coping  to  inferior  kinds  of  masonry,  and  to  brickwork,  and  in 
general,  for  works  in  which  great  strength  and  stability  are 
required. 

A  rougher  kind  of  ashlar  masonry  is  built  with  stones  of  the 
sizea  and  figures  ak'eady  mentioned,  but  scabbled  or  dressed  with 
the  hanuner.  It  may  be  considered  as  intermediate  between  ashlar 
ud  block-in-course. 

It  wbat  manner  soever  the  &ces  of  ashlar  stones  are  dressed,  or 

^ea  should  they  be  "  quarry-faced,"  there  ought  to  be  a  chisel- 

i  draught  round  the  edges  of  the  face,  forming  sharp  and  straight 

!%s  with  the  chisel-ikaught  of  the  beds  and  joints,  in  order  that 
tlie  8toD6  may  be  accurately  set. 

2o 
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243.  Bl*ck-fai«Co«n«  TKgtumuj  differs  from  hammer-dreased  aaiilar 
cliiefly  in  being  built  of  smaller  six>nes.  The  usual  depth  of  the 
courses  is  from  7  to  9  incbes.  The  same  rules  apply  to  breaking 
joint,  and  to  the  proportions  which  the  lengths  and  breadths 
of  the  stones  should  bear  to  their  depths,  as  in  ashlar;  and  as  in 
ashlar  also,  at  lectst  one-fourth  of  the  face  of  the  building  should 
consist  of  headers,  whose  length  should  be  £n>m  3  to  5  times  the 
depth  of  a  coursa 

Block-in- course  masonry  is  used  for  Eqpandrils  and  wing-wiilb  of 
bridges,  the  facing  of  retaining  walls,  and  similar  purposes. 

244.  In  CmivmA  HnMUe  wituomvf  the  building  oonmsts  of  a  series 
of  horizontal  courses,  seldom  exceeding  one  foot  in  deptb,  each  of 
which  is  correctly  levelled  before  another  is  built  upon  it ;  bat  the 
side-joints  are  not  necessarily  verticaL     Ono-/ourth  part  at  least  of 
the  face  in  each  couinse  should  consist  of  bond-stones  or  headers ; 
each  header  to  be  of  the  entire  depth  of  the  course,  of  a  breadth 
ranging  fi*om  1  j  times  to  double  that  depth,  and  of   a    length 
eztencSng  into    the   building  to  from  3  to  5  times  that   depdi, 
as  in  ashlar.     Those  headers  should  be  roughly  squared    ^th 
the    hammer,    and    their    beds  hammer-dressed  to  approximate 
planes;   and  care  should  be  taken  not  to  place  the  headers   of 
successive  courses  above  each  other;  for  that  arrangement  iroald 
cause  a  deficiency  of  bond  in  the  intermediate  parts  of  the  course. 
Between  the  headers,  each  course  is  to  be  built  of  smaller  stones^  of 
which  there  may  be  one,  two,  or  more,  in  the  depth  of  the  oonrse. 
These  are  sometimes  roughly  squared,  so  as  to  have  vertical  side- 
joints;  sometimes  the  stones  are  taken  as  they  come,  so  that  the 
side-joints  are  iri'egular;  but  no  side-joint  should  form  an  an^e 
with  a  bed-joint  sharper  than  60°.     Care  should  be  taken,  not  only 
that  each  stone  shall  rest  on  its  natural  bed,  but  that  the  sides 
parallel  to  that  natural  bed  shall  be  the  largest^  so  that  the  stone 
may  lie  flat,  and  not  be  set  on  edge  or  on  end.     Howsoever  small 
and  irregular  the  stones  may  be,  care  should  be  taken  to  make  the 
courses  bi-eak  joint.     Hollows  between  the  larger  stones  should 
be  carefiilly  filled  with  smaller  stones,  completely  imbedded   in 
mortar. 

Coursed  rubble  masonry  requires  great  care  in  the  inspection  of 
its  progress,  to  see  that  the  preceding  rules  are  observed;  and 
especially,  that  the  interior  of  the  wall  contains  neither  empty 
hollows,  nor  spaces  filled  wholly  with  mortar  or  with  rubbish 
where  pieces  of  stone  ought  to  be  inserted,  and  that  each  stone  is 
laid  flat,  and  on  its  natural  bed.  Care  must  be  taken  that  the 
headers  or  bond-stones  are  really  what  they  profess  to  be,  and  not 
thin  stones  set  on  edge  at  the  face  of  the  wall. 

A  cubic  yard  of  rubble  masonry  requires,  in  order  to  allo'w 
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for  ^raste,  about  1  j-  cubic  yard  of  stonesy  and  ^  cubic  yard  of 


The  resistance  of  good  com-sed  rabble  masonry  to  cruBhing  is 
about  four-tenths  of  that  of  single  blocks  of  the  stone  that  it  is 
buUt  with. 

Coursed  rabble  is  used  for  retaining  walls  and  wing-walls  that 
require  less  strength  than  those  built  of  block-in-course  or  ashlar, 
for  the  backing  of  pieces  of  masonry  that  are  faced  with  ashlar  or 
block-in-course,  for  fence-walls,  and  for  various  other  puiposea 

Bubble  is  often  built  in  "random  courses;"  that  is  to  say,  each 
couxse  rests  on  a  plane  bed,  but  is  not  neoessarily  of  the  same 
depth  or  at  the  same  level  throughout,  so  that  the  beds  occasionally 
rise  or  fidl  by  steps;. 

345.  CaiM»M  Kabbie  HaaMiiT  differs  from  coursed  rubble  in  not 
being  built  in  courses;  but  in  other  respects  the  same  rules  are  to 
be  obeerved.  The  resistance  of  common  rabble  to  crushing  is  not 
much  greater  than  that  of  the  mortar  which  it  contains;  it  is 
therefore  not  to  be  used  where  strength  is  required,  unless  built 
with  strong  hydraulic  mortar.  Itis  chief  use  in  engineering  is  for 
feoice  walls. 

246.  Aakkur  ukl  Bl«cli4a-OMrM  tackad  wUh  Babble. — In  this 
Kit  of  masonry  the  stones  of  the  ashlar  or  block-in-courm  face 
doold  have  their  beds  and  joints  accurately  squared  and  dressed 
vith  the  hammer,  or  the  point,  as  the  case  may  be  (see  Articles 
ii%  243,  pp.  384  to  386),  for  a  breadth  of  from  once  to  twice  (or 
on  an  average,  once  and  a-half )  the  depth  of  the  course,  inwards 
frDffl  the  £9ice;  but  the  backs  of  these  stones  may  be  rougL  The 
proportion  and  length  of  the  headers  should  be  the  same  as  in 
ashkr,  and  the  "  tails "  of  those  headers,  or  parts  which  extend 
into  the  rubble  backing,  may  be  left  rough  at  the  back  and  sides; 
bat  their  upper  and  lower  beds  should  be  hammer-dressed  to  the 
general  planes  of  the  beds  of  the  course.  These  tails  may  taper 
slightly  in  breadth,  but  should  not  taper  in  depth. 

The  rubble  backing,  built  as  described  in  Article  244,  p.  386, 
sboold  be  carried  up  at  the  same  time  with  the  fisu)e-work,  and  in 
coorses  of  the  same  depth,  the  bed  of  each  course  being  carefully 
formed  to  the  same  plane  with  that  of  the  ashlar  or  block-in-course 
fiuang. 

In  estimating  the  labour  or  cost  of  building  such  masonry  as  is 
here  described,  the  area  of  the  face,  multiplied  by  the  distance 
inwards  to  which  the  dressing  of  the  joints  is  carried,  may  be  taken 
as  ashlar  or  block-in-course,  as  the  case  may  be,  and  the  remainder 
as  rabbla 

These  combinations  of  masonry  are  the  most  generally  useful  in 
eoffneaing  works;  and  they  are  especiaUy  suitable  in  a  mechanical 
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point  of  view  where  the  pressure  is  concentrated  towards  tlie  fiice 
of  the  building,  as  in  retaining  walls. 

For  the  abutments  of  bridges  they  are  not  mechanical]  j  suitable, 
because  the  pi-essure  is  concentrated  towards  the  back;  but  if  in 
any  bridge  coursed  rubble  is  strong  enough  to  resist  the  pressure 
at  the  back  of  the  abutments,  it  may  be  used  for  that  purpose^ 
and  faced  with  block-in>course,  or  ashlar,  for  the  sake  of  appearance, 
and  of  protection  from  the  weather. 

Coursed  rubble  masonry  is  often  used  in  combination  with  ashlar 
quoins,  to  which  the  remarks  in  Article  242,  p.  385,  are  applicable. 

247.  Striae  CMines  wmM  (TapM. — A  string  course  is  a  course  of 
large  stones  slightly  projecting  beyond  the  &ce  of  a  building,  and 
dressed  and  built  like  ashlar  or  block-in-course,  as  the  caae  may  be. 
Setting  aside  its  architectural  appearance,  its  mechanical  use  is  to 
support  some  load  and  distribute  it  upon  the  masonry  below  it.  For 
example,  when  a  coursed  rubble  or  block-in-oourse  wing-wall  or 
spancbil  of  a  bridge  has  to  support  an  ashlar  parapet,  a  string 
course  must  first  be  placed  on  the  wall,  to  give  a  steady  base 
for  the  parapet,  and  to  distribute  its  weight  over  the  smaller  stones 
below. 

The  Cope  of  a  wall  consists  of  large  and  heavy  stones,  slightly 
projecting  over  it  at  both  sides,  accul^tely  bedded  on  the  wall,  and 
jointed  to  each  other  with  hydraulic  mortar,  or  with  cement  Its 
use  is  to  shelter  the  mortar  in  the  interior  of  the  wall  from  the 
weather,  and  to  protect,  by  its  weight,  the  smaller  stones  below  it 
from  being  knocked  off  or  picked  out.  Oope-stoues  should  be  so 
shaped  that  water  may  rapidly  run  off  from  them. 

Bough  rubble  coping  forms  an  exception  to  the  general  role  that 
laminated  stones  should  be  laid  with  their  layers  parallel  to  the 
beds  of  the  courses.  In  this  case  the  stones  are  very  often  set  on 
edge,  with  their  layers  vertical,  and  perpendicular  to  the  length  of 
the  wall,  so  that  the  edges  of  the  layers  alone  are  exposed  to  the 
air,  at  the  top,  as  well  as  at  the  sides  of  the  cope. 

Additional  stability  is' given  to  a  cope  by  so  connecting  the  oope- 
stones  together  that  it  is  impossible  to  lift  one  of  them,  without,  at 
the  same  time,  lifting  the  ends  of  the  two  next  it.  This  is  done 
either  by  means  of  iron  cramps  inserted  into  holes  in  the  stones, 
and  fixed  there  with  lead,  or  better  still,  by  means  of  dowels  of  some 
veiy  hard  and  strong  stone,  such  as  greenstone  or  granite.  These 
are  small  prismatic  or  cylindrical  blocks,  each  of  which  fits  into  a 
pair  of  op|x>8ite  holes  in  the  contiguous  ends  of  a  pair  of  oope- 
stones,  where  it  is  fixed  with  cement  or  hydraulic  mortar. 

Cast  iron  and  wrought  iron  dowels  are  also  used,  but  they 
are  inferior  in  durability  to  those  of  hard  stone,  though  superior 
in  strength.     Copper  dowels  are  strong  and  durable,  but  expenaiva 
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Cramps  or  dowels  may  be  used  in  string  courses,  or  in  any  part 
of  a  piece  of  maaoniy. 

Fence- walls  are  sometimes  coped  with  sods,  or  with  claj-puddle. 
(Article  206,  p.  344.) 

24&  ^•imam^  a  piece  of  masonry  consiBts  in  scraping  the  mortar 
from  the  outer  edges  of  the  joints,  at  the  face  of  the  building,  as 
&r  as  the  point  of  the  trowel  will  reach,  and  filling  the  groove  so 
made  with  mixed  cement,  or  with  hydraulic  mortar,  to  keep  out 
moutuie.     As  to  mixed  cement,  see  Article  231,  p.  374« 

In  sea-walls  exposed  to  hard  blows  from  the  waves,  cement  put 
bto  the  joints  by  ordinary  pointing  is  apt  to  jump  out  in  pieces; 
and  it  is  best  to  lay  the  stones  in  cement  for  two  or  three  inches 
inw^ards  from  the  &ce  of  the  wall 

249.  nrj  mmmm  Walls  should  be  built  according  to  the  principles 
already  laid  down  for  rubble  masonry  in  Articles  244,  245,  pp. 
386,  387,  with  the  single  exception  that  the  mortar  is  to  be 
omitted  It  is  often  advisable  to  make  the  cope  of  a  dry  stone 
vaU  waterproof,  in  order  that  water  may  not  lodge  in  the  joints  of 
the  wall  and  force  the  stones  from  their  places  by  its  expansion  in 
^eesog.  In  such  cases  the  cope  may  be  made  of  stones  set  on 
edge,  and  jointed  with  mortar;  or  of  bituminous  concrete  (Article 
234,  p.  376);  or  if  great  cheapness  be  desired,  of  clay  puddle. 
(Article  206,  p.  344.) 

If  a  dry  stone  wall  is  intended  to  be  permanent,  rounded 
boulders  should  not  be  used  in  their  natural  condition  to  build  it, 
bat  shofiild  first  be  broken  into  flat  and  angular  pieces. 

Dry  stone  building  is  employed  for  fence-walls,  and  sometimes 
for  a  Wldng  to  retaining  walls,  in  order  at  once  to  diminish  the 
pf^esBore  of  earth  against  them,  and  to  drain  away  water  by  letting 
it  escape  between  the  crevices  of  the  stones. 

It  is  also  used  in  retaining  walls  of  small  height,  and  in  facing 
earthen  slopes  exposed  to  the  action  of  water  (Article  196,  p. 
339;  and  Article  205,  p.  344);  and  in  the  latter  case  the  beds  of 
^e  oourses  are  laid  perpendicular  to  the  direction  of  the  steepest 
dope. 

250.  ii^fc— r  •r  8i«ac-iiMMn7. — ^The  following  information  as  to 
the  labour  required  to  execute  diflerent  kinds  of  work  connected 
"^ith  stone-masonry  is  given  chiefly  on  the  authority  of  Crauthey : — 

Kttbble  Stoke,  one  cubic  yard.         Da/s  Work  of  a  Kan. 

Loading  barrows  with  stone, 0'o6 

Wheeling  one  relay  =  about  100  feet  on  a  level,     0*045 
(As  in  earthwork,  each  foot  of  ascent  is  equi- 
valent to  six  feet  of  additional  distance.) 
Unloading  barrows, 0*03 
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As  to  mixing  mortar,  see  Article  229,  p.  373 ;  and  as  to  tbe  pn>- 
portions  of  mortar  and  stone,  see  Articles  242  to  24 5^  ppu  38^  to 

387. 

Day*8  Work  of  a  Man  peb  Ccbio  Yard. 
Kinds  op  BuILDINQ.  Breaking     Stone-      R^n^i--    Labonrere" 

Stone.     Cutting.  ^"       Wodu 

Diy  stone, 0*64  —  i^oo  0-50 

Coursed  rubble, 0*64  —  0*90  0*90 

Block-in-course, 0*90  1*5  0-90  0*90 

Block-in-course  arching, 0*90  2*25  0*90  0*90 

Ashlar  (soft  sandstone),  { ^^  I'^l        ^^        l'^         ^;^ 

Facing  ashlar,  per  square  foot  (sofb  sandstone) — 

Stroked  with  the  point,  0O5;  Droved,  0*07;  Polished,  0-10. 

Labour  of  breaking  and  stone-cutting  for  harder  stones — 

Hard  sandstone  =  soft  sandstone  X  2; 

Hard  limestone,  marble,  granite  =  soft  sandstone  X  from  3  to  4. 

Curved  facing  =  flat  X  (l  +  _— ?i-— -  V 
^  \        radius  m  leet/ 

Taking  down  old  masonry,  0'5  day*s  work  of  a  man  per  cubic 
yard. 

251.  BicchBBiMK  Ar  Hiwvtai^  Uu^  flimMs* — ^There  are  various 
ways  of  laying  hold  of  stones  that  are  too  heavy  to  be  moved  by 
hand,  the  most  usual  being  the  following : — 

I.  By  nippers  or  tongs,  the  claws  of  which  enter  a  pair  <^  holes 
in  the  sides  of  the  stona  Those  holes  should  be  situated  in  a 
horizontal  line  passing  through  or  a  little  above  the  centoe  of 
gravity  of  the  stone. 

II.  By  a  single  iron  plug,  very  slightly  tapered,  and  driven 
tightly  with  the  hammer  into  a  vertical  cylindrical  hole  in  the  top 
of  the  stone,  directly  above  its  centre  of  gravity.  At  the  up|«r 
end  of  the  plug  is  an  eye,  to  which  the  chain  for  lifting  the  stone 
is  hooked.  After  the  stone  has  been  laid  in  its  place,  a  few  sharp 
taps  given  sideways  with  the  hammer  loosen  the  plug.  This 
method  answers  best  with  the  hardest  stones,  such  as  granite. 

IIL  By  a  pair  of  iron  plugs,  inserted  into  two  holes  in  the  top 
of  the  stone,  which  converge  towards  each  other  at  a  right  angle, 
being  inclined  in  opposite  directions  at  angles  of  45°.  The  eyes  at 
the  upper  ends  of  the  plugs  are  attached  to  a  pair  of  chains,  which, 
when  the  stone  hangs  by  them,  are  at  right  angles  to  their 
respective  plugs,  and  meet  each  other  at  a  right  angle,  where  they 
are  attached  to  the  lower  end  of  one  main  chain.     The  two  plug- 
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boles  ahonld  be  in  a  vertical  pl&ne  trayeFsing  the  centre  of  gravity 
i£  ihe  atone,  and  eqxiallj  distant  Irom  it  The  tension  on  each  of 
the  branch  chains  is 

=  weight  of  the  stone  X  •  707. 

rV.  By  the  Lewis,  a  truncated  iron  wedge  or  dovetail  with  the 
lai|per  end  downwards,  made  of  three  pieces,  which  can  be  put  into 
or  takeo  out  of  a  similarly  shaped  hole  in  the  top  of  the  stone  one 
by  one,  but  not  togeiher.  The  lewis-hole  is  made  from  2  inches  to 
lU  inches  deep,  according  to  the  weight  of  the  stona 

Hie  most  generally  useful  machine  for  lifting  and  shifting  large 
stones  in  ordinary  buildings  is  the  moveable  jib-crane.  In  large 
buildings  a  traveUlng  crab  or  winch  is  used,  running  on  a  travelling 
platform ;  that  is  to  say,  a  framework  of  timber  and  iron  is  erected, 
consisting  of  two  parallel  lines  of  posts  with  sufficient  diagonal 
bracing,  supporting  a  pair  of  parallel  beams,  which  extend  along 
the  whole  length  of  the  intended  building,  and  include  its  greatest 
breadth  between  them;  each  of  those  longitudinal  beams  carries  an 
iron  rail;  upon  the  pair  of  longitudinal  rails  so  carried  run  the 
wheels  supporting  the  travelling  platform,  which  spans  over  the 
wh<^  breadth  of  the  building,  and  is  made  sufficiently  strong  and 
stiff  by  tubular  iron  beams  or  otherwise;  it  carries  a  pair  of 
tnnsverse  rails,  upon  which  runs  a  four-wheeled  truck,  carrying 
the  crab  or  winding  machine,  which  can  thus  be  moved  to  any 
part  of  the  building.  The  whole  apparatus  may  be  worked  ^by  a 
steam-engineL 

252.  iMtniMcats  aaed  ta  BalMliic. — In  Artide  65,  p.  Ill,  and 
Article  68,  p.  113,  it  has  been  already  explained  how  the  situations 
and  levels  of  those  leading  points  upon  which  the  situations  and 
levels  of  all  other  points  in  a  piece  of  masonry  depend,  are  to  be 
set  out  by  the  engineer. 

The  principal  instruments  used  during  the  progress  of  the  build- 
ing are  the  cord,  for  setting  out  long  straight  lines,  such  as  the  edges 
cf  the  bed-joints;  the  straight-edge,  for  shorter  straight  lines  and 
for  piane  surfaces;  the  square  and  the  bevel,  for  right  and  obUque 
allies;  the  plumb-rule,  for  vertical  or  nearly  vertical  lines;  the 
level,  for  horizontal  lines  and  planes,  which  may  be  like  an 
inverted  iL,  with  a  plummet  to  set  the  stem  vertical,  or  what  is 
better,  a  ^irit-leveL 

Wbea  the  face  of  a  wall  is  to  be  vertical,  it  can  be  set  out,  and 
its  acciuaey  tested,  by  a  plumb-rule,  being  a  flat,  straight-edged 
peoe  of  board,  with  a  line  marked  on  it  parallel  to  one  of  its 
edeeSf  which  line  is  sot  truly  vertical  by  a  plummet. 

Wlieo  the  &<»  ^  *^®  '^^^^  ^  ^  h&ve  "  a  straight  hattsr^^ — that 
k  to  be  inclined  at  an  uniform  angle  to  the  vertical,  the  rule  to  be 
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tused  is  still  stiuight-edged,  bat  the  edge  is  inclined  to  the  plumb- 
line  at  the  proper  angle  of  batter.  The  batter  of  a  wall  is  usually 
described  by  stating  the  extent  of  deviation  from  the  vertical  in  a 
given  height;  for  example^  "  one  in  twelve/'  or  "  one  inch  in  a  foot." 

When  the  vertical  section  of  the  face  of  a  wall  is  to  be  curved, 
it  is  said  to  have  a  ''  curved  batter/*  and  it  must  be  set  out  by 
means  of  a  "  face-mould/' — that  is  to  say,  a  narrow,  flat  board, 
having  one  of  its  edges  of  the  intended  ^gare  of  the  face  of  the 
wall,  and  having  a  straight  line  marked  upon  it,  which  is  set  truly 
vertical  by  means  of  a  plimimet.  Great  care  should  be  bestowed  on 
preparing  the  face-moulds  of  important  pieces  of  masonry ;  in  some 
cases,  which  will  be  exemplified  fisirther  on,  every  course  of  stones 
ought  to  be  marked  on  the  edge  of  the  mould. 

Large  face-moulds  are  sometimes  made  of  several  pieces  of  tim- 
ber framed  together. 

When  the  beds  of  the  courses  are  to  be  plane  and  level,  they  can 
be  set  correctly  by  the  level  and  common  straight-edge.  When 
they  are  to  be  planes  having  a  given  slope,  a  rule  must  be  em- 
ployed having  two  straight  edges  inclined  to  each  other  at  such  an 
angle  that,  when  one  edge  is  set  horizontal  by  the  spirit-level,  the 
other  has  the  proper  inclination.  If  the  beds  of  the  courses  are  to 
be  perpendicular  to  a  straight  or  curved  battering  face^  their  posi- 
tion can  be  set  out  and  tested  by  the  square. 

Curved  beds,  such  as  are  employed  for  some  special  purposes^ 
require  the  use  of  suitably  curved  "  bed-fnoulda," 

In  all  cases  in  which  economy  of  time  and  money  has  to  be 
studied,  the  engineer  should,  as  far  as  practicable,  avoid  curved 
figures  in  masonry;  for  not  only  are  they  more  tedious  and  expen- 
sive to  set  out  and  to  build  than  straight  and  plane  figures,  but  it 
is  more  difficult  to  test  the  accuracy  with  which  they  have  been 
executed.  A  single  glance  will  detect  the  smallest  appreciahle 
inaccuracy  in  a  wall  with  a  straight  batter,  while  the  same  process 
in  the  case  of  a  wall  with  a  curved  batter  would  require  either  a 
long  series  of  measurements,  or  the  application  of  a  cumbrous  &oe- 
mould  to  various  parts  of  the  wall;  and  this  becomes  a  matter  of 
serious  importance  in  large  structures,  where  errors  in  form  may 
affect  the  strength  and  stability. 

253.  niciiMmtioM  or  masMiry. — For  engineering  purposes,  quan- 
tities of  the  rougher  kinds  of  masonry  are  stated  in  cubic  ymrds^ 
and  of  the  finer,  in  cubic  feet. 

But  there  are  also  special  units  oi  measure  for  masonry,  such  as 
the  following :— - 

A  rood  of  masonry  means,  when  applied  to  surface,  36  square 
feet,  and  when  applied  to  volume,  36  square  feet  of  a  wall  of  a 
specified  thickness,   such  as  2  feet     In  estimating  a  building 
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aooording  to  tliis  system,  the  superficial  measure  of  tlie  face  is 
taken  in  roods  of  36  square  feet,  in  order  to  estimate  the  cost  of  the 
&ce-woik;  and  then  the  area  in  superficial  roods  of  the  face  of 
each  portion  of  the  building  is  multiplied  by  the  ratio  which  its 
thickness  bears  to  2  feet,  so  as  to  compute  the  cubic  contents  in 
solid  roods  of  36  square  feet  in  area  and  •2  feet  thick,  in  order 
to  estimate  the  cost  of  the  masonry  exclusive  of  the  face.  This 
method  is  better  suited  to  architectural  than  to  engineering  purposes. 

Section  VL — Construction  o/ Brickwork, 

'25i.  ciMiami  Priaciipieii — The  following  principles  are  to  be  ob- 
seryed  in  building  with  bricks : — 

L  To  reject  all  misshapen  and  unsound  brick&  (See  Article 
220,  p.  366.) 

II.  To  place  the  beds  of  the  courses  perpendicular,  or  as  nearly  . 
perpendicular  as  possible,  to  the  direction  of  the  pressure  which 
they  have  to  bear;  and  to  make  the  bricks  in  each  course  break 
joint  with  those  of  the  courses  above  and  below  by  oveivlapping  to 
the  extent  of  from  one  quarter  to  one  half  of  the  length  of  a  brick. 

IIL  To  cleanse  the  surface  of  each  brick,  and  to  wet  it  thcroughly 
before  laying  it^  in  order  that  it  may  not  absorb  the  moisture  of 
the  mortar  too  rapidly. 

lY.  To  fill  every  joint  thoroughly  with  mortar,  taking  care  at 
the  same  time  that  the  thickness  of  mortar  shall  not  exc^d  about 
a  quarter  of  an  inch. 

In  order  to  prevent  the  use  of  too  great  a  thickness  of  mortar, 
it  is  usual  in  specifications  to  prescribe  a  certain  depth  which  a 
certain  number  of  courses  of  brickwork  shall  not  exceed.  For 
example,  if  the  bricks  are  2}  inches  deep,  it  may  be  specified  that 
four  courses  of  bricks,  when  built,  shall  not  measure  more  than  one 
foot  in  depth;  a  condition  which  implies  that  the  average  thickness 
of  mortar  in  the  joints  shall  be  ^  inch. 

V.  To  use  no  "  bats,"  or  pieces  of  bricks,  except  when  absolutely 
necessary,  in  order  to  make  a  ^  closure," — ^that  is,  to  finish  the  end 
or  comer  of  a  waU,  or  the  side  of  an  opening;  and  even  then,  to  use 
no  piece  less  than  half  a  brick. 

In  stating  the  length  and  breadth  of  masses  of  brickwork,  it  is 
usual  to  employ  the  length  of  a  brick  as  an  unit  of  measura  For 
example^  if  bricks  are  used  which  build  to  9  inches  in  length, 

^  brick  means  4  j  inches. 

1  „  »       9  inches. 

1^     „  „       1  foot  Ij  inch. 

2  „  if      ^  ^^^^  6  inches. 
And  80  OD. 
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The  eolume  of  mortar  required  for  good  brickwork  u  about  one* 
Jifth  of  the  volume  of  the  brick& 

25d.  mmmA  %m  BrickwMAu~The  bricks  uaed  ia  a  given  building 
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Tig,  166.  Fig.  167. 

being  of  uniform  or  nearly  uniform  size  and  figure,  are  to  be  built 
according  to  an  uniform  system,  which  is  called  the  bond  of  the 
brickwork. 

As  in  ashlar  masonry,  so  in  brickwork,  a  header  is  a  brick  whose 
length  lies  pei'pendicular  to  the  face  of  the  wall ;  a  streUikery  one 
whose  length  lies  parallel  to  the  face  of  the  walL  As  the  length 
of  a  brick  is  almost  exactly  double  of  its  breadth,  one  stretcher 
occupies  the  same  area  on  the  face  of  the  wall  with  two  headera 

L  Engliah  Bondj  which  is  considered  the  strongest  and  most 
stable  arrangement,  consists  in  laying  entire  courses  of  headers  and 
of  stretchers  periodically,  as  in  fig.  166.  Sometimes  the  courses  of 
headers  and  stretchers  occur  alternately ;  sometimes  there  is  only  one 
course  of  headers  for  every  two,  three,  or  four  courses  of  stretchera 
The  stretchers  tie  the  wall  together  lengthwise,  the  headers  cross- 
wise. The  proportionate  numbers  of  the  courses  of  headers  and 
stretchers  should  depend  on  the  relative  importance  of  transverse 
and  longitudinal  tenacity.  {A,  if.,  202.)  The  proportion  shown 
in  ^,  166,  of  one  course  of  headers  to  two  of  stretchers,  is  that 
which  gives  equal  tenacity  to  the  wall  lengthwise  and  crosswise, 
and  which  therefore  may  be  considered  the  best  in  ordinary  cases. 

In  a  factoiy  chimney,  the  longitudinal  tenacity,  whir^  resists 
any  force  tending  to  spUt  the  chimney,  is  of  more  impoi-tance  than 
the  transverse  tenacity;  therefore,  in  these  buildings,  it  is  advisable 
to  have  a  greater  proportion  of  stretchers,  such  as  three  or  four 
courses  of  stretchers  to  one  course  of  headers. 

In  building  brickwork  in  English  Bond,  it  is  to  be  borne  in 
mind  that  there  are  twice  as  many  vertical  or  sidejoints  in  a 
course  of  headers  as  there  are  in  a  course  of  stretchers;  and,  there- 
fore, that  unless  great  care  is  taken  in  laying  the  headers  to  make 
these  joints  very  thin,  two  headers  will  occupy  a  little  more  length 
than  one  stretcher,  and  the  correct  breaking  of  the  joints,  to  the 
extent  of  exactly  a  quarter  of  a  brick,  will  be  lost.  GThis  is  often 
the  case  in  carelessly  built  brickwork,  in  which  at  intervals  vertical 
joints  are  seen  nearly  or  exactly  above  each  other  in  successive 
coursea 
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n.  In  Fiemith  Bond  (fig.  167)  a  header  and  a  stretcher  are  laid 
altematelj  in  each  course,  and  ao  placed  that  the  outer  end  of 
each  header  lies  on  the  middle  of  a  stretcher  in  the  course  below. 
The  number  of  vertical  joints  in  each  ooui'se  is  tlie  same,  so  that 
there  is  no  risk  of  the  correct  breaking  of  the  joints  by  a  quarter  of 
a  biick  being  lost;  and  the  wall  presents  a  neater  appearance  than 
one  built  in  English  Bond  English  Bond,  however,  when  cor- 
rectly built,  is  considered  to  be  stronger  and  more  stable  than 
Flemish  Bond. 

256.  Mmmp  ImIi  B«ikL — Pieces  of  hoop  iron  are  sometimes  laid 
flat  in  the  bed-joints  of  brickwork,  to  increase  its  longitudinal 
tenacity.  They  should  break  joint  with  each  other;  and  the  enda 
of  each  piece  of  hoop  iron  should  be  bent  down  at  right  angles  for 
the  length  of  two  inches  or  thereabouts,  and  inserted  into  vertical 
joints  of  the  course  of  bricks  on  which  the  hoop  iron  lies. 

The  total  sectional  area  of  the  hoop  iron  needs  not  exceed  about 
l-300ih  of  that  of  the  brickwork. 

257.  p«iMiiw  ^•aM.~(See  Article  248,  p.  388.) 

258.  The  v«aadiui«B  CMines  of  a  piece  of  brickwork  usually 
^nead  downwards  by  steps  of  a  quarter  of  a  brick  at  the  face  and 
\mA,  until  a  sufficient  breadth  is  gained  to  support  the  weight 
of  the  building,  according  to  the  principles  already  explained  in 
Section  IV.  of  this  Chapter,  pp.  377  to  381. 

259.  iviiis  Cmmgmm  kmI  Cmpm,  Brick  string  courses  ought  to 
Gonsist  entirely  of  headersi,  and  so  also  ought  copes  built  with 
ordinary  bricks.  Coping  for  brick  walls  is  sometimes  made  with 
large  Ivicks  moulded  expressly  for  that  purpose.  Stone  string 
connes  and  coping  are  frequently  used  along  with  brick  building, 
especially  where  strength  and  stability  are  required. 

260.  In  BrtckwMk  wlih  mmmm  l|aote«  special  care  must  be 
iakai  that  the  layer  of  mortar  in  each  bed-joint  of  the  brickwork 
is  as  thin  as  possible ;  for  as  the  bed-joints  of  the  brickwork  are 
three  or  four  times  as  numerous  as  those  of  the  stone  quoins,  any 
^perfluooa  thickness  of  the  former  will  cause  the  brickwork  to 
settle  more  than  the  stone  quoins,  the  effect  of  which  will  be  to  dis- 
figure, crack,  and  perhaps  destroy  the  building. 

261.  i^abow  of  Brickwork. — ^The  following  data  are  given  on  the 
authority  of  Gauthey : — 

Dat*8  Work  of  a  Maji  per  Cubic  TxRa 
BricU.y«.  Ub^.  g^;|2«g_ 

Ordinaiy  Bricklaying, o-6  o*6  o*3 

Brick  Arching, 09  09  various. 

In  the  case  (yf  arching,  the  labour  of  erecting  scaffolding  includes 
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Let  A  denote  the  height  of  the  stnictiire  abore  the  middle  of  the 
given  bed-joint,  6  the  breadth  of  that  bed  i  n  a  direction  peTpendi- 
cular  or  conjugate  to  the  thickness  t,  and  w  the  weight  of  an  unit 
of  volume  of  the  material.     Then 

W  =  n'whbt, (3.) 

vhere  ra  is  a  numerical  /actor  depending  on  the  figure  of  tlie 
Btnictut*e,  and  on  the  angles  which  the  dimensions,  h^  b,  L  make 
with  each  other;  that  is,  the  angles  of  obliquity  of  the  coordinates 
to  which  the  figure  of  the  structure  is  referred.  Introducing  this 
value  of  the  weight  of  the  structure  into  the  fomrala  2,  we  find  the 
following  value  for  the  moment  of  stability : — 

M  =  n(5'dfcr)  coaj'wh  b  fi (4.) 

This  quantity  is  divided  by  points  into  three  fiictors,  viz: : — 

(1.)  n  {q  =±=  r)  cos^*,  a  numerical  factor ,  depending  on  Hie  figure 
of  the  structure,  the  obliquiliea  of  its  co-ordinates,  and  the  direotiaa 
in  which  the  applied  force  tends  to  overturn  it 

(2.^  Wf  the  heaviness  of  the  material. 

(3.)  hb  t^,  a  geometrical  &ctor,  depending  on  the  dimensions  of 
the  stinicture. 

Now  the  first  factor  is  the  same  in  all  stmctures  having  figures 
of  the  same  class,  with  co-ordinates  of  equal  obliquity,  and  exposed 
to  similarly  applied  external  forces;  that  is  to  say,  to  all  stmctures 
whose  figures,  together  with  the  lines  of  action  of  the  aralied 
forces,  are  paraUd  prqjectiona  of  each  other,  with  co-^yrdinaiee  oj  equal 
obliquity.  (See  Ai'ticles  101,  140,  pp.  150,  220.)  Hence  for  any 
set  of  structures  which  fulfil  that  condition,  the  moments  of 
stability  are  proportional  to 

The  heaviness  of  the  material ; 

The  height; 

The  breadth ; 

The  square  of  the  thickness;  that  is,  of  the  dimension  of  the 
base  which  is  parallel  to  the  vertical  plane  of  the  applied  force. 

The  following  is  the  general  expi^ession  for  the  moment, 
i*elatively  to  the  limiting  position  of  the  centre  of  resistance,  of  an 
externally  applied  force,  tending  to  overturn  the  mass  of  masonry 
above  the  given  bed-joint. 

Let  P  denote  the  magnitude  of  that  force ; 

$  the  angle  which  its  direction  makes  with  the  horizon  in  a 
direction  contrary  to  that  of  the  slope  j  of  the  bed ; 

-y  *u       -i.'    1  I.  •  1.1.       J  (^  o^  ite  point  of  application  fwm 
of,  the  vertical  height,  and  )      ^\    ^    ^      r      *^  r  ai.^ 

/  .,     ,  J.  1  J-  A  <      the  centre  of  resistanoe  of  the 

y,  the  horizontal  distance    i      |^ , 

then  the  perpendicular  distance  of  P  from  the  centre  of  resistance  is 
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a/oo8  i —  ytan  i;  and  the  required  moment  is  given  by  the  follow* 
ing  fonnnla,  which  alao  expresses  the  condition,  that  that  moment 
mU  not  exceed  the  mcmient  of  stability  <^  the  mftsoniy : — 


P  (a^cos  tf  —  y'  sin  ^  .^  M. 


(5.) 


IL  Stability  of  Friction  is  insured  when  the  resultant  pressare 
nakea  with  a  normal  or  line  perpendicular  to  the  bed,  an  angle  not 
exceeding  the  angle  of  repose  of  the  materiala 
Let  9  denote  that  angle.     (See  Article  110,  p.  172.) 
The  an^e  made  bj  the  resultant  pressure  with  the  vertical  is 


arc  *  tan  *  -s. 


Poos^ 


W  +  P  sin  ^' 
£:id  the  candition  of  stability  of  friction  is  given  by  the  equation^ 

Pcos  tf 


arc  '  tan  *  :=^ 


W  +  Psin^ 


—  J 


0. 


.(6.) 


This  condition  can  always  be  fulfilled  by  properly  adjusting  the 
declivity  oi  the  bed-joint,  / 

264.  Wmhmtf  #r  a  TcMleid-liMcd  BattvMs  willi  HwlBMitid  B«««. 

{A.  M,,  213.) — Let  £g.  168  represent  a  vertical  section  of  a  buttress, 
with  a  vertical  &ce  0  D,  against  which  a  struts  rib,  or  piece  of 
ftamework  abuts  at  O,  exerting  a  given  force  P  in  a  given  direction 
C  A.  In  order  that  the  buttress  may  be  stable,  it  must  fulfil  the 
eonditions  of  stability  at  each  of  its  horizontal  bed-jointa.  Let 
D  £  be  one  of  those  joints. 

Should  several  pressui'es  abut  against  the  buttress, 
the  force  P  acting  in  the  line  C  A  may  be  held  to 
r^resent  the  resultant  of  all  the  forces  which  are 
applied  above  the  particular  joint  D  £  under  con- 
sidoation. 

Lrt  6  be  the  centre  of  gravity  of  that  part  of  the 
buttress  which  is  above  the  joint  D  E^  and  let  W 
denote  the  weight  of  the  same  part  Through  G 
draw  the  vertical  line  A  G  B,  cutting  the  direction 
of  the  lateral  thrust  in  A,  and  the  joint  D  £  in  B; 
make  A  W  =  W,  A  P  =  P;  complete  the  parallelo-  pjg.  jgg, 
grun  A  P  R  W;  then  A  R  will  represent  the  result- 
ant of  aU  the  forces  which  act  on  the  part  of  the  buttress  above 
the  joint  P  £,  to  which  the  resultant  of  the  resistance  at  that 
joint  must  be  equal  and  directly  opposed.  A  R  being  produced, 
cnte  D  B  in  F,  the  centre  of  resistance  of  that  joint,  which  must 
Wt  M  hejov^  a  certain  presciibed  limit,  that  the  condition  of 
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stabilitj  of  position  may  be  fulfilled.  In  order  tliat  tlie  condition 
of  stalnlity  of  friction  may  be  fulfilled,  the  angle  A  F  B  must  not 
be  less  than  the  complement  of  the  angle  of  repose. 

In  expressing  this  algebraically,  it  is  to  be  observed  that 

and  consequently  that  equation  5  of  the  preceding  Article,  pu  399, 
becomes, 

P(aj'co8  i-y*  sin  ^.^»(9  =fc:r)  wA6  ^; (1.) 

and  equation  6, 

^««*  :tan*. (2.) 


nw  h  b  t-^Vem  i 


By  means  of  these  fundamental  equations  the  following  problems 
are  solved : — 

L  The  relation  between  the  weight  and  the  dimensions  of  the 
part  of  the  buttress  under  consideration  being  given  (in  other 
words,  the  factor  n  being  given),  it  is  required  to  find  the  least 
thickness  t  at  the  joint  D  E  consistent  with  stability  of  position. 

In  equation  1,  make  y'  =  (  S'  +  n)  *>  ^^^  P^t  =  instead  of  ^; 

then 

n  {q  +  r)  to h  b  fi ^T  (af  cos  4 --  [q  +  ^  u sin ^.) 

To  simplify  the  form  of  this  quadratic  equation,  make, 

n{q  -h  r)whb       '  '2n{q-\^r)iohb       ^ 

then  it  becomes 

^  =  A-2B^, 
the  solution  of  which  is 

<=  ^(A  +  B«)-B (3.) 

II.  To  find  the  least  weight  of  material  above  the  point  0,  con- 
sistent with  stability  of  friction. 

The  greatest  obliquity  of  pressure  occurs  at  that  joint  which  is 
immediately  below  the  point  of  abutment  0.  Let  h^  denote  the 
height  of  material  above  that  joint,  b^  the  breadth,  and  t^  the 
required  thickness;  then, 

««Ao6o'«=I'(Si-8iii#) (i) 
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IIL  Particular  Case — Bectangidar  BtUtress,  {A,  if.,  214.)— 
In  a  rectangular  buttress,  the  breadth  6  and  thickness  t  are  con* 
stant;  and  if  ^  be  taken  to  denote  the  height  of  the  top  of  the 
buttress  above  the  point  C, 

h^h^  +  x 

win  be  its  height  above  a  given  joint.  Also,  because  the  centre  of 
gravity  of  the  portion  above  any  bed-joint  is  vertical! j  above  the 
centre  of  the  joint,  ^  =  0;  and  because 

n  =  L 

These  values  being  substituted  in  equation  3,  give  the  foUow- 
ii^  lesoltSy  in  which  x  denotes  the  depth  of  the  hdoe  of  the  wall 
below  C. 

p  s  (fZ-^oJI^sinl 

A=-£^^?L'    ;  B  =  ^ i^, _;  <=  ^(A  +  B2)-B...(5.) 

qw{h^^x)b'  2qw{Ii^  +  x)b  ^^  '  ^    ' 

As  the  depth  x  increases  without  limit,  the  thickness  required 
for  the  wall  approaches  the  following  limit : — 


VlwO « 


which  depends  on  the  borizontal  component  of  the  applied  force 
alone 

Supposing  this  value  to  be  adopted  for  the  thickness  of  the  but- 
tress, in  order  that  it  may  be  stable,  how  deep  soever  the  base  may 
be  below  the  point  C,  then  to  insure  stability  of  friction,  the 
height  of  the  top  above  C  must  have  the  following  value : — 

C08(^.^^)^C0S(^^  /(_ll\ (7.) 

^     ^       sin  ^  COS  9  sm  ^         \/   \u?  6  cos  ^/  ^   ' 

\^  Instead  of  the  rectangular  mass  h^  b  ty  there  may  be  substituted 

■f       a  pinnacle  of  the  same  weight,  and  of  any  figure. 

*<  265.   mafeilitf  •f  Betftinlng  or  ReTeicBMnt  Walk  km  Oeaeml.  {A,Af.^ 

217.) — Pigs.  169  and  170  represent  vertical  sections  of  retaining 
walls  against  which  banks  of  earth  abut.  In  each  figure  a  vertical 
layer  of  the  masonry  and  of  the  earth  is  supposed  to  be  considered, 
whose  length  is  unity.  D  E  is  the  base  of  the  layer  of  masonry,  F 
the  centre  o£  resistance  of  that  base,  B  a  point  vertically  below  G,  the 
centre  of  gravity  of  the  weight  which  rests  on  that  base,  A W  a 
line  i^presenting  that  weight,  A  P  a  line  representing  the  thrust 
'  earth '  -ATK,  the  diagonal  of  the  parallelogram  APR  W,  is  a 

2d. 
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used  is  ^ill  stmigbt-edged,  but  the  edge  is  inclined  to  the  plumb- 
line  at  the  proper  angle  of  batter.  The  batter  of  a  waU  is  nsoallj 
described  by  stating  the  extent  of  deviation  from  the  vertical  in  a 
given  height;  for  example,  "  one  in  twelve,"  or  "  one  inch  in  a  foot* 

When  the  vertical  section  of  the  face  of  a  wall  is  to  be  curved, 
it  is  said  to  have  a  "  curved  batter,"  and  it  mnst  be  set  out  bj 
means  of  a  ''  fieu^mould," — ^that  is  to  say,  a  narrow,  flat  board, 
having  one  of  its  edges  of  the  intended  igare  of  the  face  of  the 
wall,  and  having  a  straight  line  marked  upon  it,  which  is  set  tavlj 
vertical  by  means  of  a  plummet.  Great  care  should  be  bestowed  on 
preparing  the  face-moulds  of  important  pieces  of  masoniy;  in  some 
cases,  which  will  be  exemplified  fisirther  on,  every  course  of  stones 
ought  to  be  marked  on  the  edge  of  the  mould. 

Large  face-moulds  are  sometimes  made  of  several  pieces  <^  tim- 
ber framed  together. 

When  the  beds  of  the  courses  are  to  be  plane  and  levd,  they  can 
be  set  correctly  by  the  level  and  common  straight-edge.  When 
they  are  to  be  planes  having  a  given  slope,  a  rule  must  be  em- 
ployed having  two  straight  edges  inclined  to  each  other  at  siicli  an 
angle  that,  when  one  edge  is  set  horizontal  by  the  spirit-level,  the 
other  has  the  proper  inclination.  If  the  beds  of  the  courses  are  to 
be  perpendicular  to  a  straight  or  curved  battering  face,  their  poei* 
tion  can  be  set  out  and  tested  by  the  square. 

Carved  beds,  such  as  are  employed  for  some  special  parpoee% 
require  the  use  of  suitably  curved  *^  bed-moulda,** 

In  all  cases  in  which  economy  of  time  and  money  has  to  be 
studied,  the  engineer  should,  as  far  as  practicable,  avoid  curved 
figures  in  masonry ;  for  not  only  are  they  more  tedious  and  expen- 
sive to  set  out  and  to  build  than  straight  and  plane  figures,  but  it 
is  more  difficult  to  test  the  accuracy  with  which  they  have  beesi 
executed.  A  single  glance  will  detect  the  smallest  appreciable 
inaccuracy  in  a  wall  with  a  straight  batter,  while  the  same  process 
in  the  case  of  a  wall  with  a  curved  batter  would  require  either  a 
long  series  of  measurements,  or  the  application  of  a  cumbrous  free- 
mould  to  various  parts  of  the  wall ;  and  this  becc»nes  a  matter  of 
serious  importance  in  large  structures,  where  errors  in  form  may 
affect  the  strength  and  stability. 

253.  iilciiMimttoB  of  masonry, — For  engineering  purposes,  quan- 
tities of  the  rougher  kinds  of  masonry  are  stated  in  cubic  yards^ 
and  of  the  finer,  in  cubic  feet. 

But  there  are  also  special  units  of  measure  for  masonry,  such  as 
the  following : — 

A  rood  of  masonry  means,  when  applied  to  surface,  36  square 
feet,  and  when  applied  to  volume,  36  square  feet  of  a  wall  of  a 
specified  thickness,   such  as   2  feet     In   estimating  a  building 
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ftooordiiig  to  ibis  Bjstem,  the  superficial  measure  of  the  face  is 
^iken  in  roods  of  36  square  feet,  in  order  to  estimate  the  cost  of  the 
fiioe-iK-oik;  and  then  the  area  in  supeiiicial  roods  of  the  face  of 
each  portion  of  the  building  is  multiplied  by  the  ratio  which  its 
thickness  beais  to  2  feet,  so  as  to  compute  the  cubic  contents  in 
solid  roods  of  36  square  feet  in  area  and  •2  feet  thick,  in  order 
to  estimate  the  codt  of  the  masonry  exclusive  of  the  face.  This 
method  is  better  suited  to  architectural  than  to  engineering  purposes. 

Secttion  VI. — Condructum  ofBrickworh 


254.  Gemmrmi  Princtpiea* — The  following  principles  are  to  be  ob- 
served in  building  with  bricks : — 

I.  To  reject  all  misshapen  and  unsound  bricka  (See  Article 
220,  p  366.) 

XL  To  place  tbe  beds  of  the  courses  perpendicular,  or  as  nearly  . 
perpendicular  as  possible,  to  the  direction  of  the  pressure  which 
they  have  to  bear ;  and  to  make  the  bricks  in  each  course  break 
j<Hnt  with  those  of  the  courses  above  and  below  by  over-lapping  to 
the  extent  of  from  one  quarter  to  one  half  of  the  length  of  a  brick. 
TTT,  To  cleanse  tbe  surface  of  each  brick,  and  to  wet  it  thoroughly 
before  laying  it^  in  order  that  it  may  not  absorb  the  moisture  of 
the  mortar  too  rapidly. 

lY.  To  fill  every  joint  thoroughly  with  mortar,  taking  care  at 
the  same  time  that  the  thickness  of  mortar  shall  not  exceed  about 
a  quarter  of  an  iiicb« 

In  Older  to  prevent  the  use  of  too  great  a  thickness  of  mortar, 
it  is  usual  in  specifications  to  prescribe  a  certain  depth  which  a 
certain  number  of  courses  of  brickwork  shall  not  exceed  For 
example,  if  the  bricks  are  2|  inches  deep,  it  may  be  specified  that 
four  courses  of  bricks,  when  built,  shall  not  measure  more  than  one 
foot  in  depth  ;  a  condition  which  implies  that  the  average  thickness 
«f  mortar  in  the  joints  shall  be  ^  inch. 

Y.  To  use  no  '*  bats,"  or  pieces  of  bricks,  except  when  absolutely 
necesary,  in  order  to  make  a  **  closure," — ^that  is,  to  finish  the  end 
or  owner  of  a  wall,  or  the  side  of  an  opening;  and  even  then,  to  use 
no  piece  leas  than  half  a  brick. 

Id  statinff  the  length  and  breadth  of  masses  of  brickwork,  it  is 
usual  to  employ  the  length  of  a  brick  as  an  unit  of  measure.     For 
exAmnle.  if  bricks  are  used  which  bmld  to  9  inches  in  length, 
^  ^  i  brick  means  4  j  incheB. 

1  „  »       9  inches. 

1^     „  „       1  foot  Ij  inch. 

2  ,,  9>      1  ^oot  6  inches. 

ijDdsO  OB. 
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and  for  brevity^s  sake,  let 

ttj,  •  cos  I 
6n{q  =4=  q)  to  cos^j       ' 

^n{q  =4=  g^  w  cos*  J  ""    * 
then 

5=«-2*5- w 


iv 


and  consequently 


I  =  Ja  +  I>^-b (4.) 


The  inclination  of  the  resultant  A  B  to  the  vertical  is  given  by  the 
equation 

tan^WAR  =  =^^-.— (5.) 

When  the  base  D  E  is  horizontal,  this  should  not  exceed  the  tangent 
of  the  angle  of  repose.  When  that  base  is  inclined  at  the  angle  j, 
the  condition  of  fnctional  stability  is  thus  expressed : — 

^WAR-i^<p'; (6.) 

^  being  the  angle  of  repose  of  the  foundation  of  the  walL 

The  object  of  giving  the  base  of  the  wall  an  inclined  position  is 

to  diminish  the  obliquity  of  the  pressure  on  it,  and  so  to  enable  the 

condition  of  frictional  stability  to  be  fulfilled. 

As  to  the  values  of  g  in  practice,  see  Article  263,  pp.  396,  397. 

266.   SlabUltT  of  Uprtght  B«cttuicnl«r  Retalaing  uralla.      {A.  if., 

218.) — In  a  vertical  rectangular  wall,  n  =  l,g'  =  0,J=0;8o  that,  in 
equations  3  and  4  of  Article  265, 

"^""oYiT^^"^!  (^^  +  2Jsin<?-r45rtt7 (1.) 

Case  L  When  the  surface  of  the  bank  is  horizontal,  so  that  ^  =^  0, 
then 

,  1-sin  P  .     f. 
^  1  +  sin  f '         ' 

and  the  proportion  of  the  thickness  of  the  wall  to  its  height  is 


.(3.) 
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-=    '-  -  -   /^    to'(l-idn»)    \ 

--(^)V^-    ^ 

Equation  5  of  Article  217  becomes 

W     ztot 
/    f  3  y  «7'(l-8in  f )  )         . 
=  V    {    2«,(l-.Bmf)/^^^ 

If  the  material  on  which  the  wall  rests  is  the  same  with  that 
of  the  bank,  we  may  assume  f'  =  f ;  in  which  case,  by  squaring 
eqiuition  3,  and  attending  to  the  fact  that 

tan2  f=     ^^^     =/'-??  f-V.  ^"^^^ 
1-sin*^       Vl  — sin^/  '  l  +  sin  f* 

*B  obtain  the  equation 

iZ-'^^f^Lf.y .....(4.) 

Assuming  that  the  specific  gravity  of  the  earth  is  fouivfiflhs  of 
™  of  the  masonry,  or  to-^v/=5-i-4,  we  find  that  this  equation  is 
^ffifled  for  the  ordinary  value  of  g,  3  ->  8,  so  long  as  f  exceeds  27®. 
owjuld  equation  4  not  be  fnlfiUed  for  y  =  3  -r  8,  a  smaller  value  of 
q  most  be  determined  by  the  following  equation : — 


2  tt7   /  sin  f  \2  ,^. 


*n^  introduced  into  equation  2  to  find  the  ratio  t-i-x. 

tASE  II.  When  the  surface  of  the  bank  slopes  at  the  an^e  of 
^^^I»se  f,  then  «;i  =  w'  cos  ^,  and 

.■■^ii.^!:!)"'"""'; » 

o  qw   '  4:  qw  ^  ^ 

^Hich  values,  being  introduced  into  equation  4  of  Article  265, 
P'404,  give  the  ratio  ^-r-oL 
267.    BtmMUtT     •€    BattOTlBgHraccd     BelalHtec    Walls.      {A.   M., 

^19.)^In  fig,  171^  Iq^  jj  q  represent  the  vei-tical  fiice  of  arect- 
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angular  wall^  suited  to  sustain  the  thrust  of  a  given  hank,  and  let 

F  be  the  centre  of  resistance  of  the  base.    Make 


Q  N=  3  E  F 


=  3(>-,) 


t;  then  the  centre  of 


Fig.  171, 


gravity  g  of  the  triangular  prism  of  masonry 
E  Q  N  will  be  vertically  above  the  centre  of 
resistance  F;  therefore  if  that  prism  be  removed, 
so  as  to  reduce  the  cross-section  of  the  wall  to  a 
trapezoid  with  a  battering  face  E  N,  the  position  of 
the  centre  of  resistance  F  will  not  be  altered,  and 
the  wall  will  still  fulfil  the  condition  of  stability  of 
position,  the  thickness  t  being  determined  as  for 
a  rectangular  walL  The  thicJbiess  of  the  wall  at 
the  summit  is 


(3.-D' 

The  tangent  of  .^  W  A  It  (the  inclination  of  the  resultant 

pressure  to  the  vertical)  is  increased  in  the  mtio  -  +  -—^ :  1;  so  that 

it  may  in ,  some  cases  be  necessaiy  to  make  the  base  slope  back- 
wards, as  in  fig.  170. 

268.   SiaUUtr  •r  BniierlHg  Walls  mf  VmUI§rm  ThiduMM.      (A,  M., 

220.)— When  a  wall  for  sup- 
porting a  horizorUal-tcpped  bank 
is  of  uniform  thickness,  and  has 
a  sloping  or  curved  fisM^e,  as  in 
figs.  172  and  173,  its  moment 
of  stability  may  be  deteimined 
with  a  degree  of  accuracy  suffi- 
cient for  practical  purposes^  in 
the  following  manner : — 

Let  E  Q  in  each  figure  repre- 
sent the  vertical  £ftoe  of  a  rect' 
angular  wall  of  the  same  height 
X  and  thickness  t  with  the  pro- 
posed wall,  and  let  g  be  the  centre  of  gravity  of  that  rectangular 
walL     Then 

W'  q  t  =  q  to  xfi 

will  be  its  moment  of  stability  per  unit  of  length. 

Divide  the  area  E  Q  N  included  between  the  vei-tical  &ce  E  Q 
and  the  faoo  of  the  proposed  wall,  E  N,  by  the  height  x.     Then 


—    EQN 


(1.) 
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will  be  the  distance  of  the  ceutre  of  gnvity  G  of  the  sloping  or 
corred  wall  irom  that  of  the  rectangular  wall;  and  the  change  of 
figure  will  increase  the  stability  in  the  ratio  J  +  j" ;  ?  i  that  ia  to 
»j,  the  moment  of  stability  will  now  be 


If  E  N  is  a  straight  line  (fig.  103), 
ON 


..(2.) 


IfENisapai&bolic 


9'''^ 


,-t. 


m 

(<•) 


a  formola  which  ia  also  sensibly  correct  when  £  N  is  on  arc  of  a 
drcla 

WalU  with  a  "carved  batter"  are  usually  built  u  shown  in  Ak 
171,  with  the  bed-joints  perpendicular  to  the  face  of  the  wall 
Ihii  diminishes  the  obliquity  of  the  pressure  on  the  base. 

369.  c— wftTM  (A.  M.,  222)  are  projections  from  the  inner 
&ce  of  a  retaining  wall  A  wall  and  ita  counteiforte,  if  the  bond 
rf  tlie  masonry  is  well  preserved  by  means  of  long  bond-stones 
omnecting  the  counterforta  with  the  wall,  are  e4]uivaleut  to  a  wall 
hiring  snoceaaive  divisions  of  it«  length  alternately  of  greater  and 
of  lew  thickness.     The  moment  of  stability  of  such  a  wall,  per 


.-.L_ 


Fig.  174. 


Fig.  175. 


luut  of  length,  when  l^e  wall  is  well  bonded,  may  be  found, 
*itli  snffideiit  accuracy  for  practical  purposes,  by  adding  together 
Um  moments  of  stability  of  one  of  the  parts  between  two  coua- 
l^i'wt^  and  of  one  of  the  parts  whose  thickness  is  augmented 
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hj  the  addition  of  a  counterfbrt,  and  dividing  the  sum  by  the  joint 
length  of  those  two  parts. 

For  example,  let  fig.  175  represent  a  portion  of  the  plauy  or  hori- 
zontal section,  of  a  vertical  rectangular  retaining  wall  wfaoee 
height  is  h,  with  a  row  of  rectangakr  counterforts  of  the  same 

height  with  the  wall     Let  <  =  F  E  be  the  thickness  of  a  part 

of  the  wall   between   two  counterforts,  and  6  =  £  D  its  length ; 

let  T  =  A  B  be  the  thickness  of  a  counterforted  part  of  the  'wall, 

including  the  counterfort,  and  c  =  B  C  its  length. 
The  moment  of  stability  of  the  first  part  is 

q  w  hb  t'^; 

and  that  of  the  second  part, 

qwheT^. 

Adding  together  those  moments,  and  dividing  their  sum  by  the 

total  length  b  +  c  =  A  F,  the  mean  moment  of  stability  per  unit  of 
length  is  found  to  be 

qwh^-^-- (1.) 

This  is  the  same  with  the  moment  of  stability  per  unit  oi  length 
of  a  wall  of  the  uniform  thickness, 


.vc-^^} <-> 


which  may  be  called  the  equivalent  unifortn  waU. 

The  quantity  of  masoniy  in  the  counterforted  w^all  is  to  the 
quantity  in  the  equivalent  uniform  wall  in  the  ratio 

6  <  +  c  T  :  (6  +  c)  <p 

which  is  always  less  than  unity;  so  that  there  is  a  saving  of 
masonry  (though  in  general  but  a  small  one)  by  the  use  of  counter^ 
forts. 

270.  Sarchavg*'  BctateiBg  Wall. — This  term  is  applied  to  a  wall 
for  supporting  a  bank  of  earth  which  rises  from  the  top  of  the  wall 
at  the  natural  slope  for  a  certain  height,  called  the  heiglii  ofUie 
9wrcho/rge^  beyond  which  it  is  horizoDtal.  The  thrust  of  such  a 
bank  is  intermediate  in  amount  and  in  direction  between  that  of 
a  horizontal-topped  bank  and  that  of  a  bank  with  an  indefinitely 
long  natural  slope. 

The  following  formula  serves  to  compute  approximately  the 
thicknoss  of  an  upright  rectangular  retaining  wall  for  supporting 
such  a  bank : — 


I 
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^fjet  as,  as  htfore,  denote  the  height  of  the  wall, 
c  ^e  height  of  the  surcharge, 
/  t&e  thickness  required  to  snstain  a  horizontal  bank,  as 

computed  by  equation  2  of  Article  266,  p.  405, 
t^  the  tJiickness  required  to  sustain  a  hank  with  an  inde- 
£iiitelj  ioD^  natural  slope,  as  computed  by  equations  6  of 
Ar^cle  2QQy  p.  405,  and  4  of  Article  265,  p.  404, 
€*  the  thickness  required  for  the  surcharged  wall;  then 

W^en  the  foot  of  the  slope  of  the  bank  rests  on  the  top  of  the 
^^  nearly  above  the  centre  of  resistance  of  the  base^  the  foUow- 
^  fiirmula  may  be  used : — 


.  =oos 

X 


*-y/ (^^{t^P^^  .)^(»+2c)....(2.) 

w  ^1  1W1I  mt  ■■•■  •^  Besaiaiiv  iTalb.— The  foundation  courses  of 
W^nin*'  walls  have  tlieir  width  increased  beyond  the  thickness  of 
>S^  valf by  a  series  of*  steps  in  front,  as  shown  in  figs.  171  and  174. 
^\tt  objects  of  this   are,   at  once  to  distribute  the  pressure  over  a 


,fi-..xater  area  than  that  of  any  bed-joint  in  the  body  of  the  wall,  and 
V^  difirise  that  pressixre  more  equally,  by  bringing  the  centre  of 
^^agttnce  nearer  to  the  middle  of  the  base  than  it  is  in  the  body  of 
^e  wall  according  "to  the  principles  abeady  expkined  in  Section 
^.  of  tins  Chapter,  l»ges  377  to  382. 

The  body  of  the  wall  may  be  either  entirely  of  bnck,  or  of  ashlar 
^^leked  with  brick  or  ^with  rubble,  or  of  block-in-course  backed  with 
=^^bble  or  of  coursed  nibble,  built  with  mortar  or  built  dry.  As 
"fclie  Dresrare  at  each  feed-joint  is  concentrated  towards  the  face  of 
w^^thoae  combinations  of  masonry  in  which  the  larger  and 


:tooie  reiAilar  stones  form  the  face,  and  sustain  the  greater  part  of 
«ie  DT^ure  and  are  backed  with  an  mfenor  kind  of  masonry, 
-whose  use  is  cbieflv  to  ^ve  stability  by  its  weight,  are  well  suited 
*  reiai  inff  walls  (see  Article  246,  p.  387),  special  care  being  taken 
^  the  back  and  face  are  well  tied  together  by  long  headers,  and 
^that  the  beds  of  the  facing  stones  extend  into  the  wall  to  a  distance 
mi  about  as  far  inwards  irom  the  centre  of  pressure  at  the  base  of 
-the  wall  as  that  centre  of  pressure  lies  inwards  from  the  faca 

Along  the  base  and  in  front  of  a  retaining  wall  there  should  run  a 
dndn,  like  that  at  the  foot  of  the  slope  of  a  cutting.  (See  Article  193, 
Ik  335  \     In  order  to  let  water  escape  from  behind  the  wall,  it  has 
inall  Lngbt  oblong   openings  through  it,  called  "weeping-hol^^^^^^ 
li'  h  snallv  t^^o  ^"^  *™*®  inches  broad,  and  of  the  depth  of  s 

wane  of  masoacy,   aad  ^  distributed  at  regular  diatonoea,  an 
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ordinaiy  proportion  being  one  weeping-hole  to  eveiy   4 
yards  of  face  of  wall. 

The  back  of  a  retaining  wall  should  be  rough,  in  order  to  Tesist 
any  tendency  of  the  earth  to  slide  upon  it.  This  object  is  promoted 
by  building  the  back  in  steps,  as  exemplified  in  fig.  169. 

In  retaining  walls  of  great  size,  both  back  and  face  may  be  built 
of  block-in-course,  or  the  fisu»  of  ashlar  and  the  back  of  block-in- 
course,  the  ''heart*'  of  the  wall  being  of  coursed  rubble,  or  of  beton 
or  strong  concrete  laid  in  regular  courses  of  the  same  depth  ^with 
those  of  the  face  and  back. 

When  the  material  at  the  back  of  the  wall  is  clean  sand  or 
gravel,  so  that  water  can  paas  through  it  readily,  and  escape  hy  the 
weeping-holes,  it  is  only  necessaiy  to  ram  it  in  layers,  as  already 
described  in  Articles  1 98  and  200,  pp.  341,  342.  But  if  the  nuLterial 
is  retentive  of  water,  like  clay,  a  vertical  layer  of  jstones  or  coarse 
gravel,  at  least  a  foot  thick,  or  a  dry  stone  rubble  wall,  miist  be 
placed  at  the  back  of  the  retaining  waU,  between  the  earth  and  the 
masonry,  to  act  as  a  drain. 

A  catchwater  drain  behind  a  retaining  wall  is  often  usefiiL  It 
may  either  have  an  independent  outfall,  or  may  diachaige  its  'water 
through  pipes  into  the  drain  in  front  of  the  base  of  the  walL 

When  the  material  at  the  back  of  the  wall  is  of  a  loamy  descrip- 
tion, and  liable  to  be  reduced  to  quicksand  or  mud  by  aaiuiation 
with  water,  and  there  are  no  means  of  preventing  sudi  saturation 
by  efficient  drainage,  one  way  of  making  provision  to  resist  the 
additional  pressure  which  may  aiise  from  such  saturation  is  to  cal- 
culate the  requisite  thickness  of  wall,  as  if  the  earth  were  a  fluid, 
making  f  =  0  in  the  formula. 

Another  way  of  providing  against  such  a  contingency  is  to  con- 
struct, sloping  against  the  back  of  the  wall,  a  bank  of  shivers  of 
stone  or  of  coarse  gravel,  whose  angle  of  repose  is  not  afiTected  by 
the  presence  of  water,  and  then  to  fill  in  the  softer  materiaL  The 
pressure  against  the  wall  in  this  case  will  not  at  any  time  greatly 
exceed  that  of  a  bank  of  the  firm  material  employed,  sloping  at  its 
own  angle  of  repose. 

The  subject  of  relieving  retaining  walls  from  pressure  by  the  aid 
of  arches,  and  that  of  securing  their  foundations  by  special  con- 
trivances  in  swampy  ground,  will  be  considered  further  on. 

The  cope  of  a  retaining  wall  should  consist  of  large  flat  stones 
laid  as  headers. 

272.  Kjmm4  Ties  f«r  B«iaiHiBg  Walls. — Retaining  walls  having 
to  bear  a  great  pressure,  while  they  rest  on  a  yielding  foundation, 
may  have  their  stability  increased  by  being  tied  or  anchored  by 
iron  rods  to  vertical  or  nearly  vertical  plates  of  iron  imbedded  in 
a  firm  stratum  of  earth  at  a  distance  behind  the  wall  sufficient 
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to  prevent  its  being  dishirbed  bj  the  operations  of  excavation, 
building,  and  embanking,  connected  with  the  erection  of  the 
wtlL 

The  holding  power,  per  foot  of  breadth,  of  a  rectangular  vertical 
anchoring  plate,  the  depths  of  whose  upper  and  lower  edges  below 
the  snrfiftce  are  respectively  ocj  and  a^  may  be  approximately 
calculated  from  the  following  formida : — 

Let  ti/  be  the  weight  of  a  cubic  foot  of  the  earth; 
<^  its  angle  of  repose ; 
H,  the  holding  power  per  foot  of  breadth;  then 

H=«/.^--^-i«^. (1.) 

2       cos  2  ^  ^    ' 

The  depth  of  the  centre  of  pressure  of  the  plate  below  the  sur* 
buQQ  o£  the  ground  is  given  by  the  following  expression : — 

3  a{:ra^^ ^"^'^ 

and  to  that  centre  the  tie-rod  should  be  attached. 

If  the  retaining  wall  depends  on  the  tie-rods  alone  for  its 
secority  against  sliding  forward,  they  should  be  fastened  to  plates 
on  the  face  of  the  wall  in  the  line  of  the  resultant  pressure  of  the 
eanh  behind  the  wall ;  that  is,  at  one-third  of  the  height  of  the 
waD  above  its  base.  But  if  the  resistance  to  sliding  forward  u  to 
be  distributed  between  the  foundation  and  the  tie-rcxls,  they  are  to 
be  placed  at  a  higher  level ;  for  example,  if  half  the  horizontal 
thrust  is  to  be  borne  by  the  foundation,  and  half  by  the  tie-rods, 
the  latter  should  be  fixed  to  the  wall  at  two-thirds  of  its  height 
above  the  base. 

273.  8irMB  Urn  wutmhdmg  Walla. — ^The  base  of  a  retaining  wall 
may  be  prevented  from  sliding  forward  by  a  series  of  horizontal 
struts  of  masonry  or  brickwork,  abutting  against  rectangular 
masses  whose  resistance  to  displacement  de^^ends  on  the  same 
ptindples  with  the  holding  power  of  anchoring  plates,  stated  in 
the  last  article 

When  a  cutting  in  soft  ground  has  a  retaining  wall  at  each  side 
of  it^  the  foundations  of  the  walls  may  be  kept  asunder,  and  thus 
prevented  from  sliding  forward,  by  meam*  of  a  series  of  inverted 
ftrcbes  extending  between  them,  across  and  below  the  base  of  the 
cutting,  so  as  to  act  as  transverse  struts. 

The  upper  parts  of  such  walls  may  also  be  held  asunder  by 
slightly  arched  ribs  of  cast  iron  or  of  brick.  These  ribs  abut 
against  the  walls  at  about  two-thirds  of  their  height  above  their 
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274.  BcUerlBS  Arches. — A  row  of  arches  having  their  axes  and 
ihe  faeea  of  their  piers  at  right  angles  to  the  &c«  of  a  bank  of 
earth  are  called  "  relieving  arche&"  There 
may  be  either  one  or  severHl  tiers  of  them, 
and  their  front  endii  may  be  closed  by  a. 
vertical  wall,  which  thus  preeeuta  the  ^>- 
peanince  of  a  retaining  widl,  althoagh  the 
leugth  of  the  archways  is  such  as  to  pre- 
vent the  earth  from  abutting  against  iL 
Fig.  175  repreaenta  a  vertical  transvetae 
section  of  such  a  wall,  with  two  tiem  of 
relieving  arches  bdiind  it.  To  compnta 
the  length  of  a  relieving  arch  &om  its 
Fig.  176.  pjg^  height,  or  its  dear  height  from  ite 

length,  the  following  approximate  formula  may  be  used,  in  which 

X  denotes  the  depth  of  the  crown  of  an  arch  below  the  surface, 

h,  its  clear  height, 

/,  its  length,  and 

^]  the  angle  of  repose  of  the  earth. 


l=oot&a^  th  + 


A-^t»i»*-^nrs^ (2.) 

To  determine  the  conditions  of  stability  of  aneh  a  structure  as  a 
whole,  the  horizoatal  pressure  against  the  vertical  ])lane  0  D  may 
be  determined,  and  compounded  with  the  weight  of  the  combined 
mass  of  masonry  and  earth  O  A  E  D  in  front  of  that  plane,  to 
fiod  the  resultant  pressnre  on  the  base. 

In  soft  ground  the   bases  of  the  piers  of  the  lowest  tier   of 

relieving  arches  should  be  connected  by  means  of  inverted  arches, 

^  _  so  as  to  distribute  the  pres- 

3j^^QWB^^33i&^_-33ii&>_^   BUre  over  the    whole    area 

^S~?^^^Yrin^^TT       «>™red  by  the  structure. 

275.   BaltrnKd  HMiBSB- 

U  U  U  U        «,  *„*..^Fig.    176    re- 

j^g_  j7g_  pre3entsaplan,orhoriiontal 

section,  of  port  of  a  row  of 
buttresses,  connected  by  horiionfally  arched  walls. 

To  find  the  thickness,  T  =  D  E,  required  for  such  buttresses, 
let 

B  denote  A  B,  the  breadth  of  the  ma^  of  earth  which  one 

buttress  has  to  sustain; 
b,  the  breadth  of  the  buttress  j 
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tf  tbe  thickness  which  -would  be  required  for  an  uniform  wall, 
to  sustain  the  same  bank  of  earth,  computed  as  in  Article  266, 
equation  2,  p.  405;  then 


T=«V  f;&=B--'   (1.) 


In  soft  ground  the  bases  of  the  buttresses  may  be  connected  hj 
BMsms  of  inverted  arches,  to  distribute  the  pressure;  and  their 
tops  may,  if  necessary,  be  connected  by  means  of  arches,  in  order 
to  support  a  platform,  or  a  surcharged  bank  of  earth.  In  the  last- 
mentioned  case,  ^  is  to  be  computed  as  in  Article  270,  p.  409. 

SHcnoN  VIIL — 0/ Stone  and  Brick  Arches. 


276.  CI«M«d  Mnenm  aT  Am^m  •f  81mm.  {A.  M.,  223.)— An 
srch  of  masonry  consists  of  a  sector  of  a  ring,  composed  of  courses  of 
wedge-formed  stones,  called  arch-stones  or  voussoirs,  pressing  against 
eadi  other  at  surfaces  called  bed-joirUs,  which  are,  or  ought  to  be,  per- 
paidicular,  or  nearly  perpendicular,  to  the  soffit,  or  internal  concave 
sm&oe  of  the  arcL  The  soffit  is  also  called,  in  mathematical  lan- 
guage, the  inJUrados.  The  word  exbrados  is  applied  sometimes  to  the 
upper  surCaoe  of  the  ring  of  arch-stones;  sometimes  to  that  of  the 
sohd  masonry  or  hacking  above  them;  sometimes  to  that  of  the  entire 
mass  of  permanent  loading  material  (See  also  p.  203.)  The  outer 
or  convex  surfeu^  of  the  ring  of  arch-stones,  which  may  be  either  a 
curved  surface  or  a  series  of  steps,  sustains  the  vertical  pressure  of 
that  part  of  the  load  which  arises  from  the  weight  of  materials 
other  Uian  the  arch-stones  themselves ;  and  that  outer  surface  also 
exerts  in  many  cases  a  horizontal  or  inclined  thrust  against  the 
spandrils  and  abutments.  The  abutments  sustain  also  the  thrust 
of  the  lowest  voussoirs,  vertical  or  inclined,  as  the  case  may  be. 
The  course  of  stones  from  which  an  arch  springs  is  called  the 
springing-^xfurse  or  skew-back,  the  latter  term  being  used  when  its 
upper  and  lower  beds  are  oblique  to  each  other.  Sometimes  an 
arch  springs  at  once  from  the  ground,  so  that  its  abutments  are  its 
foondationsL 

A  wall  standing  on  an  arch,  in  the  plane  of  the  arch-ring,  is 
called  a  spandril  tcaU.  The  arch  of  a  bridge  requires  a  pair  of 
external  spandril  vxdls,  one  over  each  face  of  the  arch ;  the  space 
between  them  is  filled  up  to  a  certain  level  with  solid  masonry,  and 
above  that  level  it  is  sometimes  filled  with  earth  or  rubbish,  and 
sometimes  occupied  by  a  series  of  internal  spcmdrU  waUs  parallel  to 
the  external  spandril  walls,  and  having  vacant  spaces  between 
them — a  mode  of  construction  favourable  both  to  stability  and  to 
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lightness.  In  order  to  form  a  continuous  platform  for  l^e  road- 
-way,  the  spaces  between  the  internal  spandril  walls  are  sometimes 
covered  with  flags  of  some  strong  stone  (such  as  slate),  and  some- 
times arched  over  with  small  transverse  arches.  The  external 
spandril  walls  are  the  abutments  of  those  arches,  and  must  have 
stability  sufficient  to  sustain  their  thrust :  when  the  spandrils  are 
fiUed  with  earth  or  rubbish,  the  external  spandril  walls  must  have 
stability  sufficient  to  withstand  the  pressure  of  the  filling  materiaL 

277.  Bfajwarr  •£  Arche*— BacktHc. — The  description  of  masonry 
used  for  arches  is  either  ashlai*  or  block-in-course ;  the  beds  being 
perpendicular  or  nearly  perpendicular  to  the  direction  of  the  thmst 
through  the  arch-ring,  and  the  side-joints  perpendicular  to  the  beda 
and  to  the  soffit.  In  common,  or  sqwvre  arches,  in  which  the  axis 
of  the  archwfii^  is  perpendicular  to  each  face  of  the  arch,  the  bed- 
joints  are  plane;  in  oblique,  or  8kew  arches,  they  are  curved 
sur&ces,  shaped  according  to  principles  which  will  be  explained  in 
a  later  articla 

The  principles  according  to  which  the  masonry  of  arches  is  to  be 
built  are  in  other  respects  the  same  with  those  already  explained  in 
Aiticles  242  and  243,  pp.  384  to  386.  Special  care  is  to  be  taken 
to  cut  and  lay  the  beds  of  the  stones  accurately,  and  to  make  the 
bed-joints  thin  and  close,  in  order  that  the  arch  may  be  strained 
as  little  as  possible  by  settling.  To  insure  this,  some  engineers  have 
caused  arches  to  be  built  dry,  grout  or  liquid  mortar  being  after- 
wards run  into  the  joints;  but  the  advantage  of  this  method  is 
doubtful.  Othera  have  placed  sheets  of  lead  in  the  bed-joints,  to 
distribute  the  pressure  between  the  stones. 

The  backing  of  an  arch  consists  of  block-in-course,  coursed 
rubble,  or  random  rubble,  and  sometimes  of  concrete.  When  the 
backs  of  the  arch-stones  are  cut  into  steps,  the  backing  is  built  in 
courses  of  the  same  depth  with  those  steps,  and  thus  bonded  with 
them.  Sometimes  the  backing  is  built  in  radiating  courses,  whose 
beds  are  prolongations  of  the  bed-joints  of  the  arch-stonea  Both 
these  methods  are  favourable  to  strength  and  stability. 

The  height  to  which  the  solid  backing  should  be  built  is 
regulated  by  principles  which  will  be  explained  in  subsequent 
articles. 

The  tipper  surface  of  the  backing,  and  of  that  part  of  the  arch,  if 
any,  near  the  crown,  which  is  without  backing,  is  coated  with  a  layer 
of  waterproof  material,  such  as  clay  puddle  (Article  206,  p.  344), 
mixed  cement  (Article  231,  p.  374),  or  bituminous  concrete 
(Article  234,  p.  376);  the  last  being  the  best.  Any  rain-water 
which  penetrates  the  structure  above  the  arch  flows  to  the  valleys 
or  lowest  parts  of  this  coating,  whence  it  is  carried  away  by  tubes 
or  other  convenient  outlets. 
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37dL  BHck  AMthtm  may  be  built  either  of  ganged  or  wedge* 
formed  bricks,  moulded  or  rubbed  so  as  to  suit  to  the  radius  of  the 
wffit,  or  of  bricks  of  the  common  shape.  In  the  former  case,  the 
methods  of  bonding  the  bricks  are  the  same  with  those  employed 
h  walls  (Article  255,  p.  394);  in  the  latter,  the  bricks  are  accom- 
modated to  the  curved  figure  of  the  arch  by  making  the  bed-joints 
tlimmer  towards  the  intindos  than  towards  the  extrados,  or,  if  the 
can'atare  is  sharp,  by  driying  thin  pieces  of  slate  into  the  outer 
edges  of  those  joints ;  and  different  methods  are  followed  for  bond- 
ing Hhem.  The  most  common  way  is  to  build  the  arch  in  con- 
ceDtric  rings,  each  half-a-brick  thick :  this  is,  in  fact,  to  lay  the 
\xkiks  all  stretchers,  and  to  depend  upon  the  tenacity  of  the 
mortar  or  cement  for  the  connection  of  the  several  rings.  It  is 
deficient  in  strength,  unless  the  bricks  are  laid  in  cement  at  least 
Id  teoacions  as  themselves.  Another  way  is  to  introduce  courses 
of  heftders  at  intervals,  so  as  to  connect  pairs  of  half-brick  rings 
tfig^ther.  This  may  be  done  either  by  thickening  the  joints  of  the 
onter  of  a  pair  of  half-brick  rings  with  pieces  of  slate,  so  that  there 
shall  be  the  saoie  number  of  courses  of  stretchers  in  each  ring 
|>t:tveen  two  courses  of  headers;  or  by  placing  the  courses  of 
headers  at  such  distances  apart  that  between  each  pair  of  them 
^^  Khali  be  one  course  of  stretchers  more  in  the  outer  than  in  the 
inner  ring.  The  former  method  is  the  best  suited  to  arches  of  long 
n^uB,  the  latter  to  those  of  short  radius. 

Hoop-iron  bond  (Article  256,  p.  395),  laid  rouTui  the  arclk, 
^een  half-brick  rings,  as  well  as  longitudinally  and  radially,  is 
yery  nseftil  for  strengthening  brick  arches.  The  bands  of  hoop 
iron  which  traverse  the  arch  radially  may  be  bent,  and  prolonged 
ui  the  bed-joints  of  the  backing  and  spandrils.  By  the  aid  of 
floop-iion  bond  Sir  Marc-Isambard  Brunei  built  a  half-arch  of 
brich  laid  in  strong  cement,  which  stood  projecting  from  its 
jbntment  like  a  bracket,  to  the  distance  of  60  feet,  until  it  was 
destroyed  by  its  foundation  being  undermined. 

-79.  Vm  mi  ccatres. — A  centre  is  a  temporary  structure  of  timber 
or  mm  (but  most  commonly  of  timber),  by  which  the  voussoirs  of 
an  arch  are  supported  until  the  arch  is  completed,  and  capable  of 
«ipportiiig  itself.  The  principles  of  the  strength,  stability,  and 
W'nstruction  of  centres  will    be    explained  under  the  head  of 

A  centre  consists  of  parallel  frames  or  ribs  about  5  or  6  feet  apart, 
^ijed  on  the  outside  to  a  figure  parallel  to  that  of  the  soffit  of  the 
^h,  and  supporting  a  series  of  transverse  planks  called  laggings, 
"^P^^liich  the  archstones  directly  rest 

the  oldest  and  most  common  kind  of  centre  is  one  which  can  be 
overed  or  "  struck  "  all  in  one  piece,  by  driving  out  wedges  £ix)m 
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below  it,  80  as  to  remove  the  support  from  below  every  part  of  the 
arch  at  once.  An  improved  kind  was  first  introduced  by  Hartley^ 
in  which  each  lagging  is  supported  upon  the  ribs  by  wedges  or 
screws  of  its  own,  so  that  the  support  can  be  removed  from  the 
arch-stones  course  by  course,  and  replaced  in  the  event  of  the 
settlement  proving  too  rapid. 

The  centre  of  an  arch  should  not  be  struck  until  the  solid  part 
of  the  backing  has  been  built,  and  the  mortar  has  had  time  to  aet; 
and  when  an  arch  forms  one  of  a  series  of  arches,  with  piers 
between  them,  no  centre  should  be  struck  so  as  to  leave  a  pier 
with  an  arch  abutting  against  one  side  of  it  only,  unless  the  pier  is 
what  is  termed  an  ''abutment-pier;**  that  is,  a  pier  which  has 
sufficient  stability  to  act  as  an  abutment. 

280.   IJm of  PKMsras  ia  wm  Arck^CmidittoH  of  flttOillltr*     {A.  M., 

224.) — If  a  straight  line  be  drawn  through  each  bed-joint  of  the 
arch-ring,  representing  the  position  and  direction  of  the  resultant  of 
the  pressure  at  that  joint,  the  straight  lines  so  drawn  form  a  poly- 
gon, and  each  of  the  angles  of  that  polygon  is  situated  in  the  line  of 
action  of  the  resultant  external  force  acting  on  the  arch-stone  which 
lies  between  the  pair  of  joints  to  which  the  contiguous  sides  of  the 
polygon  correspond;  so  that  the  polygon  is  similar  to  a  polygonal 
frame,  loaded  at  its  angles  with  the  forces  which  act  on  the  arch- 
stones  (their  own  weight  included).     A  curve  inscribed  in  that 
polygon,  so  as  to  touch  all  its  sides,  is  the  line  of  pressures  of  the 
arch.     The  smaller  and  the  more  numerous  the  arch-stones  into 
which  the  arch-ring  is  subdivided,  the  moi^  nearly  does  the  poly- 
gon coincide  with  the  curve;  and  the  curve  or  line  of  pressures 
represents  an  ideal  linear  arch,  which  woidd  be  balanced  under 
the  continuously-distributed  forces  which  act  on  the  real  arch  under 
consideration.     From  the  near  approach  of  this  linear  arch  to  the 
polygon  whose  sides  traverse  the  centres  of  resistance  of  the  bed- 
joints,  the  points  where  the  linear  arch  cuts  those  joints  may  be 
taken  without  sensible  error  for  the  centres  of  resistance. 

Now  in  order  that  the  stability  of  the  arch  may  be  secure,  it  Ls 
necessary  that  no  joint  should  tend  to  open  either  at  its  outer  or  at 
its  inner  edge;  and  in  order  that  this  may  be  the  case,  the  centre 
of  resistance  of  each  joint  should  not  deviate  from  the  centre  of  the 
joint  by  more  than  one-sixth  of  the  depth  of  the  joint ;  that  is  to 
say,  the  centre  of  resistance  should  lie  within  the  middle  third  of 
the  depth  of  the  joint;  whence  follows  this 

Theorem.  The  stability  of  cm  a/rch  is  secure,  if  a  linear  arch, 
balanced  under  the  forces  widch  act  on  the  real  arcli,  can  be  drawn 
wUJdn  the  middle  third  of  the  depth  of  the  arch-ring.  It  is  through 
this  theorem  that  the  principles  of  the  stability  of  ideal  linear 
arches  or  ribs,  already  explained  in  Article  132,  p  202,  and  the 
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previous  articles  referred  to  in  that  article,  and  also  in  Articles  133 
to  139,  pp.  203  to  218,  become  applicable  to  real  arches  of  masonry 
and  brickwork.    (See  Addenda,  p.  xv.) 

It  may  be  held  that  in  most  practical  examples  the  tenacity 
of  fresh  mortar  is  not  sufficiently  great  to  be  taken  into  account  in 
determining  the  stability  of  masonry;  and  hence,  where  cement  is 
not  used,  all  horizontal  or  obUque  conjugate  forces  which  maintain 
the  equilibrium  of  the  arch-ring  must  be  pressures,  acting  on  the 
srdi  &om  without  inwards.  The  linear  arch,  therefore,  is  limited 
in  such  cases  to  those  forms  which  are  balahced  under  j^resguret 
from  wUhcut  alone;  that  is  to  say,  that  the  intensity  of  the 
horizx»tal  or  conjugate  pressure,  denoted  by  p^  in  Article  138, 
equation  4,  p^  21 4,  must  not  <xt  any  point  be  negative. 

It  18  true  that  arches  have  stood,  and  still  stand,  in  which  the 
oaitr^  of  resistance  of  joints  &11  beyond  the  middle  third  of  the 
depth  of  the  arch-ring;  but  the  stability  of  such  arches  is  either  now 
precarious^  or  must  have  been  precarious  while  the  mortar  was  fresh. 

When  tenacity  to  resist  horizontal  or  oblique  tension  is  given  to 
the  spandrils  of  an  arch,  and  to  the  joints  between  them  and  the 
arch-stones,  by  means  of  cement,  hoop-iron  bond,  iron  cramps,  or 
othenrise,  the  conjugate  tension  denoted  by-;?,  must  not  at  any 
point  exceed  a  safe  proportion  of  that  tenacity;  that  is  to  say, 
about  one-eighth.  "Bj  this  means  stability  may  be  given  to  arches 
of  seemingly  anomalous  figures;  but  such  structmres  are  safe  on  a 
small  scale  only. 

281.  Bdattoa  WIwmb  IiIhcmp  Bib  mdl  lainutoa  9t  Bcsl  Arch. — 

There  are  numerous  cases  in  which  the  form  of  a  linear  rib,  suited 

to  sustain  a  given  load,  may  at  once  be  adopted  for  the  intrados  of 

a  real  arch  for  sustaining  the  same  load,  with  sufficient  exactness 

for  practical  purposes.    The  following  is 

the  test  whether  this  method  is  appli-  ^^— ' — 1 

cable  in  any  given  case.   Let  AC  Bin  fig.  /''l*^-"" — i 

177  be  one  half  of  the  ideal  rib  which  it  ^\/^'^^^^ 

is  proposed  to  adopt  as  the  intrados  of  /y^ 

a  leal  arch.     Draw  A  a  normal  to  the  rib         //^ 

at  the  crown,  so  as  to  represent  a  length     5// 

not  exceeding  two-thirds  of  the  intended      ^ 

depth  of  the  keystone,  and  conceive  a  ^'  *^^* 

couple  applied  to  the  keystone,  consisting  of  tension  at  A  equal 

and  opposite  to  the  thrust  along  the  rib  there,  and  of  an  equal 

thrust  at  a.     Draw  a  normal  B  6  at  the  springing,  and  make 

B6  _  thrust  along  rib  at  A' 
"Aa  ~  thrust  along  rib  at  B' 

and  CQnceive  a  oonple  of  equal  moment  to  the  first,  consisting  of 

2b 
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tension  at  B  and  thrust  at  6,  to  be  applied  at  the  springing.  The 
pair  of  couples  ihita  introduced,  being  equal  and  opposite,  do  not 
alter  the  equilibiium,  th^ir  only  effect  being  to  tranter  the  line  of 
pressures  from  the  intrados  or  ideal  rib  A  C  B  to  a  line  aeb,  whosB 
perpendicular  distance  C  c  from  the  intrados  at  any  point  is 
inverse] J  as  the  thrust  along  the  rib  at  that  point  Tiien  ifacb 
lies  within  the  middle  third  of  the  arch-ring,  the  ideal  rib  A  C  H 
is  of  a  suitable  form  for  the  intrados. 

The  process  may,  if  required,  be  commenced  by  making  B  b  not 
less  than  one-thiid  of  the  deptJi  of  the  arch  at  the  springing,  that 
depth  having  £rst  been  fixed  with  due  regard  "to  the  conditions  of 
resistance  to  crushing,  which  will  be  considered  further  on. 

282.  17«e  •r  IfiHBilllmMd  w  TnUMfMVieil  CatMUiry  ArelMfc^-The 

transformed  catenary  has  already  been  fully  described  in  Article 
131,  pp.  200  to  202.  When  used  for  the  intrados  of  an  arch,  it  is 
commonly  called  the  ''curve  of  equilibrium.'*  It  is  suited  for  the 
support  of  any  load  whose  pressure  is  wholly  vertical,  and  whose 
extrados  is  either  a  horizontal  plane  coinciding  with  the  eUredrix 
O  X  of  the  transformed  catenary  (fig.  114),  or  another  transformed 
catenary  having  the  same  directrix. 

When  the  method  of  Article  281  is  applied  to  an  intrados  of 
this  figure,  the  resulting  curve,  a  c  6  of  fig.  177,  is  simply  the  same 
curve  shifted  vertically  upwards  through  the  height  A  a. 

In  making  use  of  the  transfoimed  catenary  in  practice,  there  are 
usually  given,  the  directrix,  the  crown  of  the  arch,  and  the  points 
from  which  it  is  to  spring.  From  these  data  the  modulus  m  is  to 
be  computed  by  means  of  equation  4  of  Article  131,  p.  202;  and 
then  the  vertical  ordinate  y  from  the  directrix  at  any  given  hori- 
zontal distance  x  from  the  crown  of  the  arch  is  given  by  the 
formula, — 


y=|(«-'+«--); (1) 


in  which  y^  is  the  depth  of  the  curve  of  the  arch  below  the 
directrix.     (See  table.  Article  298,  p.  436.) 

In  applying  the  formulss  (3)  of  Article  131,  p.  202,  to  this  arch, 
thnigt  is  to  be  read  instead  of  tension;  and  the  symbol  U7  is  to  be 
understood  to  stand  for  the  load  per  8qu>are/oot  qf  the  vertical  area 
between  the  intrados  and  the  directrix. 

For  example,  let  B  denote  the  breadth  of  the  arch,  or  length  of 
the  archway,  in  feet;  let  w^  be  the  weight  of  a  cubic  foot  of  the 
masonry;  let  the  extrados  be  a  transformed  catenaiy,  each  of  whose 
ordinates,  measured  from  the  directrix,  is  equal  to  the  correspond- 
ing ordinate  of  the  intrados  multiplied  by  a  fraction  n;  and  let 
a  fraction  k  be  the  ratio  of  the  volume  of  solid  building  to  the 
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irliole  volume^  the  remainder  I  —k  consisting  of  spandiil-yoids. 
Then, 

fv  =  nk  Wy (2.) 

In  order  that  the  arch  maybe  equilibrated  under  its  own  weight 
and  that  of  the  solid  backing  alone,  as  well  as  when  the  whole 
stracture  is  finished,  the  figure  of  the  upper  surface  of  the  solid 
backing  should  itself  either  be  a  transformed  catenaiy,  or  ap- 
proximate to  that  curve. 

283.  Vie  9t  the  HrdrMtatle  Arch. — The  mathematical  and 
mechanical  properties  of  this  arch,  considered  as  a  linear  rib,  have 
been  explained  in  Article  136,  pp.  208  to  212. 

Inasmuch  as  the  thrust  through  this  arch  is  uniform,  the  ap- 
plication of  the  method  of  Article  281  to  it  produces  simply  a  curve 
parallel  to  it;  so  that  if  it  be  used  for  the  intrados  of  an  arch-ring  of 
uniform  thickness,  and  the  centre  of  resistance  at  the  keystone  be  at 
the  middle  of  the  thickness,  the  line  of  pressures  wiU  be  at  the  middle 
of  the  thickness  of  the  arch-ring  throughout,  or  approximately  so. 
The  word  "approximately"  is  used,  because  the  thrust  along  the  real 
arch  is  not  exisK^ly  uniform,  like  that  in  the  ideal  rib;  for  at  the 
springing  it  is  greater  than  at  the  crown,  by  an  amount  equal  to  the 
weight  of  the  prism  of  masonry  which  stands  veildcally  above  the 
springing-course;  but  that  difference  ia  practically  unimportant. 

The  application  of  the  hydrostatic  arch  to  practice  is  founded  on 
the  &ct,  that  every  arch,  after  having  been  built,  subsides  at  the 
crown,  and  spreads,  or  tends  to  spread,  at  the  haunches,  which 
therefore  press  horizontally  against  the  filling  of  the  spandrils; 
from  which  it  is  inferred  as  probable,  that  if  an  arch  be  built  of  a 
figure  suited  to  equilibrium  under  fluid  pressure — ^that  is,  pressure 
of  equal  intensity  in  all  directions — it  will  spread  horizontally,  and 
compress  the  masonry  of  the  spandrils,  until  the  horizontal  pressure 
at  each  point  becomes  of  equal  intensity  to  the  vertical  pressure,  and 
therefore  suflBlcient  to  keep  the  arch  in  equilibrio. 

In  addition  to  the  methods  already  explained  in  Article  136  for 
drawing  the  figure  of  the  arch,  the  following  method  may  be  given 
for  describing  an  approximation  to  it  about  ^ve  centre&  It  is  very 
simple,  and  has  been  found  by  trial  to  answer  welL 

Li  fig.  178,  let  E  B  be  the  half-span  and  F  A  the  rise  of  the 
proposed  arcL  Make  A  C  =  eo^  ^^^  B  D  =  ei>  ^^®  ^^^^  ^^  curvature 
at  the  crown  and  springing,  as  calculated  by  the  formula  (11 
and  12)  of  Article  136,  p.  211.*     Then  C  will  be  one  of  the 

•The  feraraUi  for  oompoting  those  radii  may  be  pat  in  the followlag  form:  let 
a  be  tbe  xue;  jri  the  half-epan— 
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Fig.  178. 


centres,  and  D  another.     About  D,  with  the  radius  D  E  =  F  A 

—  B  D,  describe  a  circular  arc,  and  about  O 
with  the  radius  C  E  =  0  F,  describe  another 
circular  arc;  let  E  be  the  point  of  intersection 
of  those  arcs;  this  will  be  a  third  centre;  and 
two  more  centres  will  be  similarly  situated  to  D 
and  E  with  respect  to  the  other  half-arch. 

Then  about  C  with  the  radius  C  A,  draw  the 
circular  arc  A  G  till  it  cuts  C  E  produced  in  G  ; 
about  E,  with  the  radius  E  G  =  F  A,  draw  the 
circular  arc  G  H  till  it  cuts  E  D  produced  in  H  ; 
about  D,  with  the  radius  D  B,  draw  the  circular 
arc  H  R  This  completes  one  half-arch^  and  the 
other  is  drawn  in  the  same  manner. 

The  curve  thus  described  fiedls  a  litde  beyond 
the  true  hydrostatic  arch  at  G,  and  a  little 
within  it  at  H. 

To  give  the  greatest  possible  security  to  a  hydrostatic  arch, 
especially  if  the  span  is  great  compared  with  the  rise,  the  backing 
ought  to  be  built  of  solid  rubble  masonry  up  to  the  lerel  of  the 
crown  of  the  extrados,  before  the  centre  is  struck. 

Many  semMliptic  arches  may  be  treated  as  approximate  hydro- 
static arches.  In  fact,  many  of  the  arches  called  semi-elliptic  ap- 
proximate more  nearly  to  the  figure  of  the  hydrostatic  arch  than  to 
that  of  the  true  semi-ellippe.  The  true  semi-ellipse  of  a  given  span 
and  rise  differs  from  the  hydrostatic  arch  by  being  of  somewhat 
sharper  curvature  at  the  crown  and  springiug,  and  somewhat  flatter 
curvature  at  the  haunches,  and  by  enclosing  a  somewhat  less  area. 

284.  vm  •f  the  Ctoottatic  Arch. — ^The  derivation  of  the  figure  of 
this  arch,  by  transformation  from  that  of  the  hydrostatic  arch,  and 
most  of  its  properties,  have  been  explained  in  Article  137,  pp.  212, 
213.  The  following  problem  only  remains  to  be  solved.  Given  in 
a  geostatic  arch,  the  rise  a,  the  hidf-span  «,  and  the  depth  of  load  at 
the  crown  x^;  it  is  required  to  find  the  proportion  e,  which  the 
half-span  and  other  horizontal  dimensions  bear  to  the  correspond- 
ing dimensions  of  a  hydrostatic  arch  whose  vertical  dimensions  are 
the  same : — 
Make  ^ 


^  =  ^•(^^^^^1  =  *— 3^'^^^ 


8 


<j  =s  —  nearly. 


.(1.) 


This  method  may  be  applied  to  those  semi-dlipUG  arches  which 
ai-e  not  approximate  hydrostatic  arches. 


STABILnT  OF  AJSY  PROPOSED  ABCH. 
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285.  m^kOMf  mf  mmr  pwpwgj  Afch.  {A.  M.,  225.)— The  first 
step  towards  determining  whether  a  proposed  arch  will  be  stable,  is 
to  assume  a  linear  arch  parallel  to  the  intrados  or  soffit  of  the  pro- 
posed aich,  and  loaded  vertically  with  the  same  -weight,  distributed 
in  the  same  manner.  The  ^ize  of  this  assumed  linear  arch  is  a 
BQtttter  of  indifference,  provided  each  point  in  it  is  considered  as 
subjected  to  the  same  forces  which  act  at  the  correspoiuHng  joint  in 
the  real  arch;  that  is,  the  joint  at  which  the  ifidination  o/the  real 
amk  to  the  horizon  is  the  same  with  that  o/the  assumed  c^ch  at  the 
gipem  point 

The  assumed  linear  arch  is  next  to  be  treated  according  to  the 
method  of  Article  138,  pp.  213  to  216;  and  by  equation  4  of  that 
Article  p.  214,  is  to  be  determined,  either  a  genend  expression,  or 
a  series  of  values,  of  the  intensity  /l  of  the  conjugate  pressure, 
Iwtwntal  or  oUique,  as  the  case  may  be,  required  to  keep  the  arch 
in  equilibrio  under  the  given  vertical  load.  If  that  pressure  is 
nowhere  n^ative,  a  curve  similar  to  the  assumed  arch,  drawn 
through  the  middle  of  the  arch-ring,  will  be  either  exactly  or  very 
nearly  the  line  of  pressures  of  the  proposed  arch;  p,  will  represent, 
either  exactly  or  very  nearly,  the  intensity  of  the  lateral  pressure 
which  the  real  arch,  tending  to  spread  outwards  under  its  load, 
will  exert  at  each  point  against  its  spandril  and  abutments;  and 
the  thrust  along  the  linear  arch  at  each  point  will  be  the  thrust  of 
the  real  arch  at  the  corresponding  joint. 

On  the  other  hand,  i£p,  has  some  negative  values  for  the  assumed 
linear  arch,  there  must  be  a  pair  of  points  in  that  arch  where  that 
quantity  changes  from  positive  to  negative,  and  is  equal  to  nothing. 
The  angle  of  inclination  t^  at  that  point,  called  the  angle  qfrupturef 
is  to  be  determined  by  solving  Problem  lY.  of  Article  138,  pp 
215,  216.  The  corresponding  joints  in  the  real  arch  are  called  the 
joints  qfruptwre;  and  it  is  below  those  joints  that  conjugate  pres- 
sure firom  without  is  required  to  sustain  the  arch,  and  that  con- 
sequently the  backing  must  be  built  with  squared  side  joints. 

In  fig.  179,  let  B  C  A  represent 
one-half  of  a  symmetrical  arch, 
K  L  D  £  an  abutment,  and  C  the 
joint  of  rupture,  found  by  the 
method  already  described.  The 
point  of  rupture,  which  is  the 
centre  of  resistance  of  the  joint  of 
rupture,  is  somewhere  wi'diin  the 
middle  third  of  the  depth  of  that 
joint;  and  from  that  point  down 
to  the  springing  joint  B,  the  line 


Fig.  179. 


of  pressoiee  is  a  curve  similar  to  the  assumed  linear  arch,  and 
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parallel  to  the  intrados,  being  kept  in  eiqnilibrio  by  the  lateral  pi 
sure  between  the  arch  and  its  spandril  and  abutmentb 

From  the  joint  of  rupture  G  to  the  crown  A,  the  figure  of  ihe 
true  line  of  pressures  is  determined  by  the  condition,  that  it  eh&U 
be  a  linear  arch  balanced  under  vertical  forces  only;  that  is  to  sav, 
the  horizontal  component  of  the  thrust  along  it  at  each  point  is 
a  constant  quantity,  and  equal  to  the  horizontal  component  of  the 
thrust  along  the  arch  at  the  joint  of  rupture. 

That  horizontal  thrust,  denoted  by  H^,  is  found  in  aolving 
Problem  lY.,  Article  138,  p,  213,  and  is  the  horizontal  thrust  of 
the  entire  arch. 

[If  the  arch  is  distorted,  oonjugate  thrust  is  to  be  read  instead  of 
"  horizontal  t/imst"  wherever  that  phrase  occurs.] 

The  only  point  in  the  line  of  pressures  above  the  joints  of 
rupture  which  it  is  important  to  determine,  is  that  which  is  at 
the  crown  of  the  arch,  A ;  and  it  is  found  in  the  following  man- 
ner:— 

Find  the  centre  of  gravity  of  the  load  between  the  joint  of 
rupture  C  and  the  crown  A;  and  draw  through  that  centre  of 
gravity  a  vertical  linei 

Then  if  it  be  possible,  from  one  point,  such  as  M,  in  that  vertical 
line,  to  draw  a  pair  of  lines,  one  parallel  to  a  tangent  to  the  soffit 
at  the  joint  of  rupture,  and  the  other  parallel  to  a  tangent  to  the 
soffit  at  the  crown,  so  that  the  former  of  those  lines  shall  cut  the 
joint  of  rupture,  and  the  latter  the  keystone,  in  a  pair  of  points 
which  are  both  within  the  middle  third  of  the  depth  of  the  arch- 
ring,  the  stability  of  the  arch  will  be  secure ;  and  if  the  first  point 
be  the  point  of  rupture,  the  second  will  be  the  centre  of  resistanoe 
at  the  crown  of  the  arch,  and  the  crown  of  the  true  line  of  pres- 
sures. 

When  the  pair  of  points  related  to  each  other  as  above  do  not 
fall  at  opposite  limits  of  the  middle  third  of  the  arch-ring,  their 
exact  positions  are  to  a  small  extent  uncertain;  but  that  un- 
certainty is  of  no  consequence  in  practice.  Their  most  pn>- 
bable  positions  are  equi-distant  from  the  middle  line  of  the 
arch-ring. 

Should  the  pair  of  points  fall  beyond  the  middle  third  of  the 
arch-ring,  the  depth  of  the  arch-stones  must  be  increased. 

286.   Clrcnlar  Arch*  noc  !•■•  thmm  a  Qmulnuit. — In  applying,  the 

principles  of  the  preceding  article  to  an  arch  whose  intx^os  is  an 
arc  of  a  circle,  it  is  necessary  to  modify  the  equations  9  and  1 1  of 
Article  138,  Example  IV.,  p.  217,  in  order  to  take  into  account 
the  weight  of  a  given  portion  of  the  ring  of  arch-stones,  as  dis- 
tinguished from  that  of  the  material  which  rests  upon  it.  The 
results  are  as  follows : — 
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Xn  a  ciccalar  ardi  with  a  horizontal  platform  above  it,  let 

r  denote  the  radius  of  the  iutrados; 

f'  that  of  the  extrados  of  the  arch^ringf  whieh  ia  supposed  uni- 
formly  thick ; 

c  the  depth  of  loading  material  above  the  crown  of  the  arch; 

to  the  weight  of  a  cubtc  foot  of  the  arch-stones ; 

to  the  mean  weight  of  a  cubic  foot  of  the  superstructure,  includ- 
ing voids  (=  ^  10  nearly) ; 

Then  the  solution  of  the  following  equation  gives  the  cmgle  of 

«.(^(.-«.«*(i-^)^=:5r}'' 
*'i"'-''=?J^x^''-' c) 

which  having  been  solved,  the  following  equation  gives  the  Iwrir 
zowUU  thrust/or  each  unit  qf  breadth  of  the  arih: — 

+  «(,«-^^-^^« (2.) 

Equation  1  is  here  given  in  the  form  best  suited  for  practical 
QBSy  being  that  of  a  quadratic  equation  between  r^,  r,  and  c,  with 
co-efficients  depending  on  the  angle  i^  and  on  the  comparative 
heaviness  of  the  arch  and  of  the  superstructure.     The  value  of  Iq 

can  he  calculated  from  a  given  set  of  values  of  /,  r,  c,  and  — ,  by  a 

series  of  trials  only;  but  if  a  value  of  i^  be  assumed,  then  any  one 
of  those  four  quantities  can  be  computed  exactly  by  solving  the 
qiisdratic  equation. 

Tbobuol — The  raduu  qf  the  intradoe  t,  and  the  height  cqf  the 
horizontal  platform  above  ^  crown  of  the  arch  being  given,  to  find 
ikt  outer  radius  r  of  t/ie  arching  corresponding  to  am  assumed  angle 
^f  rapture  i^.  In  this  case  r  is  the  unknown  quantity;  and  if 
eqaation  1  be  denoted  for  brevity's  sake  by 


w 


ito  solution  is 


''-\/(i'**i^0-2^A- <^> 
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In  most  of  the  examples  of  circular  arches  which  occur  in  prac- 
tice, the  angle  of  rapture  lies  between  45''  and  55^;  so  that  if  the 
squared  backing  is  carried  up  to  that  part  of  the  arch  which  is 
inclined  at  an  angle  of  45°  to  the  horizon,  its  height  will  be  suffi- 
cient, at  least. 

It  further  appears,  by  trial,  that  the  following  approximate  rale 
seldom  errs  by  so  much  as  one-twentieth  part  in  giving  the  hori- 
sontal  thrust  of  the  arch. 

The  horizorUtd  thrust  is  nearly  egwd  to  the  weight  eupported 
between  the  crown  and  tiMtpart  of  the  sojffU  whoae  indinaUon  if  45^; 
or  in  symbols, 

Honearly=ti/  /  (0644  t'  +  'yOTl  c)  +  -3927  w  (»^-r«>.,.(4.) 

Thus,  in  fig.  180^  let  A  C  B  represent  one-half  of  a  dicular 
arch,  O  being  the  centre  of  the  intxados  and  O  A  its  radius^  =  r  j 

let  O  P  =  /,  P  JJ  =  e;  U  V  being  the 
horizontal  platform.  Draw  O  C  F,  mak- 
ing the  angle  A  O  C  =  45**  with  the  verti- 
cal; then  ^e  horizontal  thrust  of  the  arch 
will  be  nearly  equal  to  the  weight  of  the 
mass  A  C  F  V  U,  which  lies  between  the 
joint  C  F  and  the  crown.  The  point  F 
is  that  up  to  whose  level  it  is  advisable  to 
build  the  backing  solid,  or,  at  all  events, 
to  bond  and  joint  it  in  such  a  manner  that 
it  shall  be  capable  of  transmitting  a  hori- 
zontal thrust.  Draw F  T  horizon^;  then 
PT=-7071OP. 

287.  siaMlitf  •r  «■  iTMimUicdi  Arcit-iiia«. — ^Before  the  centre  of 
an  arch  is  struck,  the  spandnl  walls  (or  spandril  filling,  as  the  case 
may  be)  should  be  built  to  such  a  height  that  the  part  of  the  arch- 
ring  near  the  crown,  which  is  left  for  the  time  unloaded,  shaU 
fulfil  the  condition  of  stability  which  consists  in  having  the  line  of 
pi^essures  within  the  middle  third  of  its  thickness,  when  under  its 
own  weight  alone.  The  exact  investigation  of  this  question  is 
very  complex,  and  it  is  unnecessary  to  give  it  here  in  detail  An 
approximation  sufficiently  accurate  for  practical  purposes  is  as 
follows : — 

Make  the  depth  of  the  lowest  point  of  the  extradoe  of  the  unloaded 
are  below  its  highest  point  a  mean  proportional  between  the  thidbness 
of  the  arch  and  the  radius  of  the  intrados. 

That  is  to  say,  in  fig,  180  (last  Article)  make 


Fig.  180. 


PQ  =  ^PA-AO  =  V''  «--^"^; (1.) 
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then  the  horizontal  line  Q  R  S  will  show  the  level  up  to  which  the 
^lajidnl  walls  or  spandiil  filling  are  to  be  built  before  the  centre  is 


288.  drtmUmr  Ai«h  1ms  tkaa  m  Qmm^lrmmL — In  this  Case  the  mle 

of  tlie  preceding  article  is  to  be  applied  exactly  as  in  the  case  of  an 
Boxh.  not  less  tiian  a  quadrant;  but  in  computing  the  horizontal 
throst,  it  is  sufficient  to  take  the  weight  of  a  half-arch  with  its 
load,  and  multiply  by  the  co-tangent  of  the  inclination  of  the 
intradoB  to  the  horizon  at  the  springing. 

289.  Vi0-Wails»  in  the  hollow  spandrils  of  arches,  are  transverse 
walls  at  light  angles  to  the  spandril  waUs.  The  distance  from 
ceiitre  to  centre  of  the  tie-walls  may  be  from  three  to  five  times 
the  distance  from  centre  to  centre  of  the  spandril  wall& 

290.  l»«rth  mt  Mcyt— €* — To  determine  with  precision  the 
depth  required  for  the  keystone  of  an  arch  by  direct  deduction 
finun  the  principles  of  stability  and  strength,  would  be  an  almost 
impracticable  problem  from  its  complexity.  That  depth  is  always 
many  tbnes  greater  than  the  depth  necessaty  to  resist  the  direct 
croBhing  action  of  the  thrust,  llie  proportion  in  which  it  is  so  in 
«Mne  of  the  best  existing  examples  has  been  calculated,  and  found 
to  lange  from  3  to  70.  The  smaller  of  these  factors  may  be  held 
to  err  on  the  side  of  boldness,  and  the  latter  on  the  side  of  caution ; 
good  medium  values  are  those  ranging  from  20  to  40.  The  best 
oomne  in  practice  is  to  assume  a  depth  for  the  keystone  according 
to  an  empirical  rule,  founded  on  dimensions  of  good  existing 
examples  of  bridges. 

The  following  is  such  a  rule : —  • 

F(fr  the  depUh  of  the  keygUme^  take  a  TMan  proportional  between  the 
radius  of  curvature  of  the  intradoe  at  the  croum,  and  a  constant^ 
icaAoK  values  are, 

for  a  single  arch, -I3  foot; 

for  an  arch  forming  one  of  a  series, *i7     „ 

That  is  to  say,  in  symbols, 

Depth  of  keystone  for  a  single  ai-ch, 

infect  =:^/ (*1 2  X radius  at  crown) (1.) 

I>epth  of  keystone  for  an  arch  of  a  series, 

in  feet  =  J  ('17  X  radius  at  crown) (2.) 

The  following  are  examples : — 
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Radius  at      Depth  op  KxTtrrnHx. 
Single  Archesl  Cbown.     Cakmlated        Actual 

Feet  Feet.  Feet. 

Bridge  over  the  Seyem,  at  Glouces- 
ter (bj  Telford);  elliptic  arch; 
span  150  feet;  rise  35  feet, 1607        4*39  4*5 

Bridge  at  Turin,  over  the  Dora 
Riparia  (by  Mosca);  arch  seg- 
mental; span  147*6  feet;  rise 
18  feet, 160  4-38  4-9 

Grosvenor  Bridge,  over  the  Dee, 
at  Chester  (by  Hartley  and 
Harrison) ;  segmental  arch ;  span 
200  feet;  rise  42  feet, 140  4*1  4*0 

Ordinary  bridge  over  a  double  line 
of  railway;  elliptic  arch;  span 
dO  feet;  rise  7  feet  6  inches, 30         1*9  1*83  to  a 

Arches  ik  Series. 

Bridge    over    the    Thames,  near 

Maidenhead  (by  I.  K.  Brunei); 

arch  (of  brick  in  cement)  nearly 

elliptic;   span    128    feet;    rise 

24-25,  169  5-36  5-25 

London  Bridge  (by  Sir  John  Ren- 

nie);    elliptic  arch;    span  152 

feet, 162  5-25  S'oo 

Bridge  of  Neuilly  (by  Perronet) ; 

basket-handle    arch;    span    39 

metres  =  128  feet  nearly;  rise 

9-75  m^ti^es  =  32  feet  nearly,...        i59  5*20  5"i3 

Bridge  of  St  Maxenoe  (by  Per- 

I'onet);   segmental   arch;    span 

about  76*7  feet;  rise  about  6*4 

feet, 119  449  479 

"Waterloo    Bridge    (by    Rennie); 

elliptic  arch;  span  120  feet;  rise 

32  feet, 112-5       4'37  S'oo 

Ballochmyle  Bridge,  over  the  Ayr, 

(by  MUler);  semicircular  arch; 

span  181  feet;  rise  90*5  feet,  ...        90*5        3*92  4-5 

Dean  Bridge,  near  Edinburgh ;  seg- 
mental arch;  span  90  feet;  riae 

30  feet, 4875      2-88  3-00 
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It  is  eTideBt  from  the  law  approximately  followed  by  the 
examples  in  the  preceding  table,  that  the  depth  required  for  the 
arch-ting  is  regulated  chiefly  by  the  necessity  for  providing  against 
deviations  of  the  line  of  pressures,  produced  by  temporary  partial 
loads;  and  because  such  loads  on  a  large  arch  are  less  as  compared 
with  the  weight  of  the  arch  itself  than  in  a  small  arch,  the  depth 
of  the  arch-stones  increases  more  slowly  than  the  general  dimensions 
of  the  arch — viz,,  propurtionally  to  the  square  root  of  the  radius  at 
the  crown. 

The  probahUiiy.oi  such  a  rule  being  found  to  answer  in  practice 

might  have  been  inferred  from  equation  38  a  of  Article  180,  p. 

370,  by  assuming  that,  owing  to  iJie  plasticity  of  the  mortar,  the 

dead  load  of  the  arch,  there  denoted  by  w^  produces  no  bending 

action  (which  is  equivalent  to  omitting  the  term  in  B) ;  and  then 

determining  the  depth  h  of  the  arched  rib  so  that  the  tension  p\ 

shall  be  =  0,  the  arch  being  considered  as  sensibly  flexible  htiween 

ike  jomts  of  rupture  ordy.     This  last  condition  makes  the  rise  k 

of  the  sensibly  flexible  part  of  the  arch  equal  to  a  certain  fraction  of 

the  radius  at  the  crown;  say  n  r,  so  that  the  equation  referred  to 

ia  reduced  to  the  following : — 

0138  — ^-n  —  —  =  0. 
w^q  h      nr 

Bot  ^  =:  I;  and  w  ^  w^,  which  expresses  the  ratio  of  the 
intensity  of  the  external  load  to  the  weight  of  the  arch  itself,  may 
be  replaced  by  K  -s-  A;  A  being  the  required  depth  of  keystone, 
and  hf  the  depth  of  the  same  material  which  is  equivalent  to  the 
cztenal  load     The  equation  thus  becomes, 

0-828^—--   =0;  or 
A*      nr 

Ifi  =  -828  n  K  r; (3.) 

that  IB  to  say,  for  equally  intense  external  loeulsy  and  equal  angles  of 
niptefv,  ike  square  of  the  thickness  of  the  keystone  siwvld  vary  as 
t^  radms  of  the  intrados;  being  very  nearly  the  rule  deduced 
empirically  from  practical  examples.  The  co-efficients  '12  and  *17 
in  equations  1  and  2  correspond  to  the  factor  *828  n  h'  in  equation 
3.  It  is  probable  that  the  necessity  for  a  larger  co-efficient  in  the 
case  of  an  arch  which  forms  one  of  a  series  arises  from  the  fact, 
that  when  one  arch  of  a  series  is  loaded  extemaUy,  and  the 
adjoining  arches  unloaded,  the  piers  yield  slightly,  so  as  to  lower 
the  position  of  the  joints  of  rupture. 

291.  An  Ahmummmg  In  Badtetinii  c^anc*  forms  in  truth  •  a  con- 
tinaation  of  tJie  arch,  and  is  the  strongest  and  most  stable  kind  of 
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abutment  where  the  foundation  is  firm,  and  the  height  from  which 
the  arch  springs  is  moderate.  One  of  the  best  examples  is  the 
Grosvenor  Bri(%e  at  Chester.  The  real  face  of  such  an  abutment 
is  a  continuation  of  the  intrados  of  the  arch,  and  its  back  is  a  con- 
tinuation of  the  extrados  of  the  solid  spandril  backing,  which 
ought  to  be  built  in  radiating  courses  also;  but  the  custom  is,  in 
violation  of  good  taste,  to  disguise  the  real  slructure  bj  means  of  a 
casing  of  masonry  with  vertical  and  horizontal  joints. 

292.  Tercicai  AhntBicMU  depend  for  their  stability  on  the  same 
principles  which  regulate  that  of  buttresses,  and  which  have  been 
fully  explained  in  Articles  263  and  264,  pp.  396  to  401.  The 
points  to  be  chiefly  attended  to  are,  that  if  there  is  any  horiaontal 
thrust  through  the  spandril,  the  part  of  the  abutment  above  the 
springing  of  the  arch  shall  have  sufficient  weight  to  veast  by 
friction  the  tendency  to  sliding  produced  by  that  thrust;  that 
above  the  bed-joint  next  below  the  springing  of  the  arch,  the 
weight  of  material,  including  that  of  the  half-arch  itself  with  its 
load,  shall  produce  friction  enough  to  resist  the  whole  thrust  \)i 
the  arch,  whether  exerted  through  the  spandrils  or  at  the  spring- 
ing; and  that  the  centre  of  resistance  at  the  base  of  the  abutment 
shall  not  deviate  from  the  centre  of  the  base  by  more  than  the 
proper  fraction,  1  :  g,  of  the  thickness  of  that  base.  (See  Article 
263,  p.  396,  and  Article  179,  pp.  294,  295.) 

It  is  highly  advantageous,  in  point  both  of  stability  and  economy, 
to  build  abutments  with  hollows  in  them,  or  with  narrow  arch- 
ways passing  through  them,  perpendicular  to  the  main  archways 
which  the  abutments  support.  These  archways  should  have  in- 
verted arches  at  the  bottom,  to  distribute  the  load  over  as  laige  a 
base  as  possible.  The  hollows  or  archways  may  occupy  about  one- 
third  of  the  whole  volume  of  the  abutment. 

When  an  arch,  as  in  fig.  179,  p.  421,  has  a  joint  of  rapture  such 
as  C,  the  part  of  the  arch  below  that  joint,  together  with  its 
spandril  backing  and  the  load  directly  resting  on  it^  may  be 
considered  as  forming  part  of  the  abutment. 

In  some  of  the  best  examples  of  bridges,  the  thickness  of  the 
abutments  ranges  from  ane-Odrd  to  oTie-Jifth  of  the  radius  of 
curvature  of  the  arch  at  its  crown. 

293.  Pien  of  Arche*. — Each  pier  of  a  series  of  arches  ought  to 
have  sufficient  stability  to  resist  the  thrust  which  acts  upon  it 
when  one  only  of  the  arches  which  spring  from  it  is  loaded  with 
a  travelling  load.  That  thrust  may  be  roughly  computed  by 
multiplying  the  travelling  load  per  lineal  foot  by  the  radius  of 
curvature  of  the  intrados  at  its  crown  in  feet. 

Each  pier  should  always  give  sufficient  space  on  its  top  for  the 
two  arches  to  spring  fi-om. 
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IStber  of  these  roles  gives  in  general  a  less  thickness  than  those 
silopted  for  piers  in  practice,  which  range  from  one-tenth  to  on^ 
fcfwih  of  the  span  of  the  arches;  the  latter  thickness,  and  those 
approaching  to  it,  being  suitable  for  ''  abtUment-piers.**  The  most 
oommon  thickness^  for  ordinary  piers,  is  from  one-sixth  to  one- 
seventh  of  the  span  of  the  arches. 

PierSy  like  abutments,  are  advanta^ieoasly  lightened,  especially 
vhen  Tcry  lofty,  ajs  in  yiadncts,  by  being  built  hollow,  or  by  hav- 
ing archways  traversing  them,  with  inverted  arches  at  the  baise. 

29i.  Mifcfcc^  Av«he%  Abataieaist  wmA  piera. — Arches  and  their 
abotments  and  piers  may  be  made  at  once  light  and  stiff,  by 
building  them  in  parallel  deep  rihs,  with  thinner  portions  of 
masonry  between  them;  but  this  of  course  involves  additional 
workmanship. 

295.  Skew  AreUem  are  of  figures  derived  from  those  of  symmetri- 
cal arches  by  distortion  in  a 
horizontal  plane.  The  eleva- 
tion of  the  £ice  of  a  skew  arch, 
and  every  vertical  section  par- 
allel to  its  &ce,  being  similar 
ti>  ibe  oorresponding  elevation 
and  vertical  section  of  a  sym- 
iQetrical  arch,  the  forces  which 
act  in  a  vertical  layer  or  rib 
of  a  skew  arch  ^th  its  abut- 
inentB,  are  the  same  "with  those 
which  act  in  an  equally  thick 
vertical  layer  of  a  symmetrical 
arch  with  its  abutments,  of  the 
aune  dimensions  and  figure,  and 
^milsrly  and  equally  loaded. 

1^.  181  represents  a  plan  of  a  skew  arch,  with  counteiforted 
ahntments.  The  a/ngl^  o/skewy  or  obliquUi/,  is  the  angle  which  the 
^  of  the  archway,  A  A,  makes  with  a  perpendicular  to  the  face 
of  the  arch  B  C  A  fe  The  span  of  the  archway,  "on  the  sqiuxre** 
as  it  18  called  (that  iSf  ^^^  perpendicular  distance  between  the  abut- 
ments), is  less  than  the  span  on  the  akew^  or  parallel  to  the  face  of 
^^  arch  in  the  ratio  of  the  cosine  of  the  obliquity  to  unity.  It 
ia  the  span  an  the  skew  which  is  equal  to  that  of  the  corresponding 

symmetrical  arch. 

^s  best  position  for  the  bed-joints  of  the  arch-stones  is  perpen-* 
dicalar  to  the  thrusrt  along  the  arch.  If,  therefore,  there  be  drawn 
^^e  soffit  of  a  ske^w  arch,  a  series  of  parallel  curves,  made  by  the 
mteraectioiis  of  the  soffit  with  vertical  planes  parallel  to  the  face 
^  the  arch  the  best  forms  for  the  bed-joints  will  be  a  series  of 
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curves  drawn  on  the  soflSt  of  the  arch  so  as  to  cut  the  wiwle  of  the 
former  series  of  curves  at  right  angles,  such  as  0  C  in  figs.  181  aud 
182.  Joints  of  the  best  form  being  difficult  to  execute,  spirel 
joints  are  used  in  practice  as  an  approximation. 

Preparatoiy  to  the  execution  of  a  skew  arch,  a  lai^ge  drawing  of 
the  soffit  must  be  prepared,  sliowing  the  exact  figure  and  position 
of  every  arch-stone.  That  drawing  represents  the  curved  snr&ce 
of  the  soffit  as  if  it  were  spread  outJUU,  and  is  called  the  "devdop- 
merU"  of  that  curved  surface.  In  general  it  is  sufficient  to  draw 
one-half  of  the  soffit,  the  other  half  being  similar.  The  following 
are  the  processes  by  which  that  drawing  is  prepared : — 

I.  To  draw  Ihe  deodoprnefU  of  the  aqfit,  cmd  of  Us  verUeal  geOums 
(m  the  skew.  Fig.  183,  Na  2,  represents  a  plan  of  one  half  of  the 
arch,  H  A  K  being  the  crown  of  the  soffit,  and  I  B  L  the  fiioe  of 
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one  of  the  abutments.  The  line  A  C  B  represents  the  position  of 
a  vertical  section  on  the  skevo^  and  A  £  D,  perpendicular  to  H  K, 
that  of  a  vertical  section  on  ike  square:  ^c::::  B  A  D  being  the  uigle 
of  obliquity. 

Assume  any  convenient  number  of  points  in  H  I,  throu^  which 
draw  a  set  of  lines  (such  as  £  G  £  G)  ||  H  K,  and  also  a  set  of 
lines  J-  H  I.  Draw  O  B  ||  H  I,  cutting  these  lines;  and  on  0  6 
as  half-span,  construct  the  vertical  section  of  the  ardb  oit  the  dteic, 
represented  by  No  1,  in  which  A  C  B  is  the  line  on  the  soffit  oo^ 
responding  to  A  C  B  in  No.  2. 

Construct  the  vertical  section  on  the  square.  No.  3,  by  drawing 
O  D  II  A  D  to  represent  the  half-span  on  the  square,  and  tnic^ 
ferring  the  ordinates  of  No.  1  to  the  oorrespondmg  points  in  Ko> 
3;  for  example,  F  C  to  G  E. 

Then  construct  the  development  No.  4  in  the  following  manner: 
— Produce  the  centre  line  of  the  soffit,  HAKAOHAK. 
From  any  convenient  point  A,  Na  4,  draw  A  E  D  -L  H  K,  i/' 
which  take  distances  A  £,  A  D,  &c,  equal  in  length  to  the  arcs 
A  £,  A  D,  dra,  which  are  cut  off  on  the  curve  A  E  D,  Na  3,  by 
its  several  ordinates.  Then  will  the  stitdght  line  A  £  D,  Na  4, 
be  the  development  of  the  section  on  the  square^  A  E  D,  Nos.  2  an<l 
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3.  Through  the  points  of  diTinon  of  A  E  D,  No.  4,  draw  lines 
panllel  to  H  K,  such  as  E  C,  I  D  B  L,  Sic,  on  which  lay  off 
ordinatee,  such  as  £  C,  D  B,  kc,  equal  respectxvelj  to  the  corre- 
eponding  ordinates,  E  C,  D  B,  ^,  in  the  plan,  No.  2,  and  through 
the  ends  of  those  ordinates  draw  a  curve  A  C  B,  No.  4 ;  this  will 
be  ^e  development  of  the  vertical  section  on  the  skew,  A  C  B^ 
Noa.  1  and  2. 

Draw  also  the  curves  H  I,  K  L  parallel,  similar,  and  equal  to 
A  C  By  and  at  distances  from  it  on  either  side,  H  A  =  A  K,  of 
half  the  length  of  the  archway.  Then  I  H  K  L  will  be  the 
development  of  half  the  soffit  Draw  I  M  and  L  N  perpendicular 
to  I  L ;  then  M  I  L  N  will  be  the  development  of  pait  of  the  iacQ 
of  an  abutment.  Draw  also  any  convenient  number  of  intermedi- 
ate curves,  such  as  those  shown  by  dots,  parallel,  similar,  and 
equal  to  A  C  B,  to  represent  the  development  of  several  paraUel 
skew  Tertical  sections  of  the  soffit,  and  to  indicate,  at  the  same 
time,  the  direction  of  the  thrust  at  each  point  which  they  traverse. 
These  may  be  called  "  curves  of  presswre.^^ 

IL  To  draw  on  the  development  of  the  eoffit,  the  hed-joinia  and 
^dejokiie  of  true  courses.  The  bed-joints  are  drawn  by  sketching 
with  the  free  hand  a  series  of  curves,  cutting  all  the  curves  of 
pressiu^  at  right  angles,  and  called  the  orthogonal  ^ 
trajectonesoftheifurves  of  pressure.  The  side-joints, 
being  perpendicular  to  the  bed-joints,  are  parts  of 
anvea  of  pressure  themselvea  (See  fig.  184.)  The 
coimes  become  thinner  towards  the  acute  angle 
of  the  abutment,  and  thicker  towards  the  obtuse 
angle,  so  that  it  may  be  sometimes  advisable  to 
introduce  intermediate  bed-joints  near  the  obtuse  *^* 

angles,  as  shown  near  L  in  fig.  184.  In  the  illustrations,  the 
aidi  flings  vertically  from  the  abutments,  so  that  none  of  the 
led-joints  intersect  the  line  of  springing,  I  L,  to  which  they  are 
all  asymptotes.  Had  the  arch  been  segmental,  some  of  the  bed- 
joints  would  have  intersected  that  line  obliquely,  making  necessary 
the  use  of  skew-backs  of  the  kind  shown  in  the  next  figure,  but 
not  so  oblique. 

ILL  To  draw,  on  the  development  of  the  soffit,  the  hed-joinia  and 
ddejoinis  of  spiral  courses.  (See  fig.  185.)  On  the  development 
of  the  soffit,  draw  a  series  of  parallel  equidistant  straight  lines, 
perpendicular  to  the  direction  of  the  thrust  at  the  crown  of  the 
srdti;  these  will  represent  the  bed-joints,  and  the  side-joints  will 
be  perpendicular  to  them.  Between  I  and  L  are  shown  the  skew- 
hades,  or  stones  which  connect  the  slanting  courses  of  the  arch  with 
tiie  horizontal  courses  of  the  abutment. 
Spiral  courses  are  perpendicular  to  the  throst  at  the  crown  of 
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the  BTch  onlf ,  and  become  more  and  more  oblique  to  it  the  iisat«r 
they  are  to  the  springing. 

S96.  Mikked  Skew  Artk, — A  Substitute  for  an  ordinaiy  eievr 
arch  in  sometimes  composed  of  a  aeriea  of  riba  placed  side  b;  side, 
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as  in  fig.  186.  Tbis  mode  of  construction  contracta  the  epHD  on  tlu 
tquare  aa  compared  with  that  of  an  ordinary  skev  uch  having 
the  same  span  on  Oie  skew,  by  the  following  quantity : — 

Let  a  denote  the  projection  of  each  rib  of  the  abutment  beyond 
the  preceding  rib ; 

b,  the  breadth  of  a  rib;  then 

contraction  of  span  on  the  square^  ■ _(1.) 

J  a* — 6* 

If  the  span  on  lh«  Kfuan  haa  already  been  fixed,  the  tpan  on  On 
tkew  for  a  ribbed  arch  is  to  be  made  greater  than  that  for  a 
common  skew  arch,  simply  by  tiie  projection  a  of  a  rib  of  die 
abutment. 

297.  Muni^li  «e  umm  Bad  Brich  Archea. — A  well-designed  Btone 
or  brick  arch  of  sufficient  stability  has  usually  a  great  snrplns  of 
strength.  In  the  case,  however,  of  a  proposed  arch  of  unusual 
dimensions  or  figure,  especially  if  the  material  is  comparatiTelj 
weak,  it  is  advisable,  a^er  the  figure  and  dimensions  have  been 
iilanned  with  a  view  to  stability,  to  test  whether  the  sbength 
IS  likely  to  be  sufficient  This  may  be  done  with  a  snffidentlT 
close  approximation,  by  the  aid  of  equations  30,  36,  and  37  <u 
Article  180,  pL  370,  by  making  the  following  substitutions: — 

Case  I.  In  a  tran^ft/rmed  CcU«aary  Arch,  or  a  circular  aegmait  of 
less  than  a  quadrant;  make 

h'  =  depth  of  arch-stones  at  springing  X  cos  -  inclination  of  arch 

at  that  point; 

1       .        I    f  J.        ■ 

<l  =  c>  "*  ^^2'  *  =  "l*'ij  «^nse; 

and oonseqnentiy,  B  =  ^^-^ ^1  +  -^-pji 0) 


8TBSVGTH  OF  ABCHSS — ^UNDSROBOUIO)  ABCHWAT8.  433 

r.  =  |(l+B)(l_^); (2.) 

also,  oonsidermg  a  rib  of  a  foot  in  breadth,  make  Aj  =  A';  for  w^ 
put  the  dead  load  in  lbs.  per  square  foot  of  platform  (U  the  craum  q^ 
Ae  cuxhy  and  for  V9  the  rolling  load  in  lbs.  per  square  foot  of  plat- 
form. 

Gasb  IL  In  hydrosUUiCj  dlipUe,  and  aemicvrcular  wrckUy  and 
tiradar  seffmmis  greater  than  a  qucuhrant^  make  I  =:  the  span,  and 
le  =  the  rise,  of  tiie  part  of  the  arch  lying  between  the  two  joints 
which  make  angles  of  45^  with  the  horizon.  In  hydrostatic  and 
dliptic  aA^es,  make  h*  =  thickness  of  arch-ring;  in  circular  arches, 
make  h'  =  thickness  at  the  joints  first  mentioned  X  *707.  Then 
proceed  in  other  respects  as  in  Case  I. 

In  all  cases  omit  the  term— q-t — jr-^.  ^.  ,,  and  substitute  for 

o  Aj  (1  -f-  x>)  A 

it  H  -1-  h\  H  being  the  horizontal  thrust  as  found  by  the  methods 

of  Articles  132  to  138,  pp.  202  to  218,  Article  286,  pp.  423,  424, 

and  Article  288,  p.  425,  for  a  rib  one  foot  in  breadth. 

Equation  37,  giving  the  greatest  intensity  of  thrust,  p^  in  lb$.  en 

the  square /oot,  l£us  becomes 

When  h'  -^  hy  and  consequently  B,  are  small  fractions,  so  that 
Tj  =  ^  nearly,  the  following  formula  may  be  used : — 

Pi  =  J  +  2^^{Btro  +  0-207«^} (3  a.) 

When,  on  the  other  hand,  (1  +  B)  +  f  1  — ^t.)  ^  ^^  to  or 
greater  than  ^,  so  that  r^  =  1,  the  following  formula  is  to  be  used : — 

In  transformed  catenarian  and  circular  segmental  arches,  an  ap- 
proxiinatioii  to  uniformity  of  strength  may  be  obtained  by  making 
the  depth  of  each  voussoir  proportional  to  the  secant  of  the  in- 
clination of  its  bed  to  the  verdcaL 

297  A.  VmmBn^mmmA  Avchwayit— Tniaels-.€tfTMna.^ — If  the  depth 
of  a  buried  archway,  such  as  a  tunnel  or  culvert,  beneath  the  sur&ce 
of  tiie  gnnind,  is  great  compared  with  the  height  of  the  archway, 
tb  pioper  form,  for  the  line  of  pressures,  which  must  lie  within  the 
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middle  third  of  the  thicknees  of  the  areh,  is  the  elliptie  linear  arch 
of  Article  134,  p.  202,  in  which  the  ratio  of  the  horizontal  to  the 
vertical  semi-axis  is  the  square  root  of  the  ratio  of  the  horixontid 
to  the  vertical  pressure  of  the  earth;  that  is  to  say, 

horizontal  semi-axis  \  /  Pt  /  (^  —  ^^  ^\  n  \ 

i:sdr=''=  V  ^.= V  Vi  +  sin^y^^*-^ 


vertical  semi 

^  being  the  angle  of  repose. 

If  the  earth  is  firm,  and  iittle  liable  to  be  disturbed,  the  propor- 
tion of  the  half-span,  or  horizontal  semi-axis,  to  the  rise,  or  vratical 
semi-axis,  may  be  made  greater  than  is  given  by  the  preceding 
equation,  and  the  earth  will  still  resist  the  additional  horizontal 
thrust;  but  that  proportion  should  never  be  made  less  than  the 
value  given  by  tlM)  equation,  or  the  sides  of  the  archway  will  be  iu 
danger  of  being  fon5edinwa«la 

In  a  drainage  tunnel  or  culvert  the  entire  elhpse  may  be  used  as 
the  figure  of  the  arch;  but  in  a  railway  tunnel,  where  it  is  neces- 
sary to  have  a  fiat  fioor,  the  sides  and  roof  of  the  tunnel  comprise 
in  height  the  upper  two-thirds,  or  three-fourths,  of  the  ellipse, 
which  is  doBcd  below  by  a  circular  segmental  inverted  arch  of 
slight  curvature,  its  depression  being  one-eighth  of  its  q»n,  or 
thereabouts.  By  this  mode  of  construction  the  vertical  pressure 
of  the  sides  of  tiie  tunnel  ]a  concentrated  upon  foundation  courses 
directly  below  them,  from  which  they  spring.  The  ratio  which 
the  entire  width  of  the  tunnel,  measured  ouidde  the  masonry  or 
brickwork,  bears  to  the  joint  width  of  that  pair  of  foundations, 
must  not  exceed  the  limit  of  the  ratio  of  the  weight  of  a  building 
to  the  weight  of  earth  displaced  by  it,  as  given  by  Article  237, 
equation  1,  p.  379.  The  inverted  arch  serves  to  prevent  the 
foundations  of  the  sides  of  the  tunnel  £rom  being  forced  inwards  by 
the  horizontal  pressure  of  the  earth 

The  exact  form  for  the  line  of  pressures  in  the  sides  and  roof  of 
a  tunnel  is  the  geoHoUio  wrclk,  of  Article  137,  pp.  212,  213.  This 
principle  requires  attention  when  the  roof  of  the  tunnel  is  near  the 
surface.  Let  x^  be  the  depth  of  the  crown  of  the  tunnel,  and  x^ 
that  of  its  greatest  horizontal  diameter,  beneath  the  surfaoa  From 
those  ordinates  as  data,  design  a  hydrostaiic  (vrth,  by  the  aid  of  the 
formulae  (12)  of  Article  136,  p.  211;  contract  the  horizontal 
ordinates  of  that  arch  in  the  ratio  c :  1  (see  equation  1,  above);  and 
the  result  will  be  the  figure  6f  the  geostatic  arch  required. 

The  greatest  intensity  of  pressure  in  a  buried  archway  occurs 
usually  in  its  sides,  at  the  ends  of  the  shorter  diameter  of  the  oval 
iiitrados;  and  that  intensity  is  given  approximately  by  the  foUo'w- 
ing  equation.  Let  x^  be  the  depth  of  the  shorter  diameter  below 
the  surface  of  the  ground,  h'  the  half-span  of  the  archway,  a'  its 
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rise,  i  the  tliickness  of  its  side,  to  the  weight  of  a  cubic  foot  of  the 
earth ;  then  the  greatest  pressure,  in  Iba.  on  the  iqvare  foot,  is 

j^«k(y+<)-o-8«'y]. (2.) 

and  this  should  sot  exceed  the  resistance  of  the  material  to  crush- 
ing, divided  by  a  proper  &ctor  of  safety. 

It  appears  that  in  the  brickwork  of  various  existing  tunnels,  the 
&ctor  of  safety  is  as  low  asybw.  This  Is  sufficient,  because  of  the 
steadiness  of  the  load;  but  in  buried  archways  exposed  to  shocks, 
like  those  of  culverts  under  high  embankments,  the  fiictor  of  safety 
should  be  greater;  say  from  eight  to  teri. 

How  smedl  soever  the  load  may  be,  there  is  a  certain  minimum 
thickness  for  an  underground  archway,  for  determining  which 
the  following  empirical  rule,  exactly  similar  to  that  for  find- 
ing the  depth  of  the  keystone  of  an  arch,  has  been  deduced  from 
practical  examples.  I^ie  rise  and  half-span  being  denoted  as 
before  by  a^  and  h',  compute  approximately  the  longest  radius  of 
currmture  of  the  intrados  by  the  formida 

r=f; (3.) 

then 


least  thickness  t  in  feet-  J  012  r. (4.) 

This  is  applicable  where  the  ground  is  of  the  firmest  and  safest 
IoimL  In  soft  and  slippery  matmals,  the  thickness  ranges  from  once 
and  thhalfU>  double  tiiat  given  by  equation  4 ;  that  is  to  say, 


from  J  0-27  r  to  J  0-48  r. (4  a.) 

The  thickness  of  an  underground  arch  at  the  crown  may  be  made 
leas  than  at  the  sides  in  the  ratio  b' :  a';  but  the  mora  common 
pnuTtice  is  to  make  it  uniform. 

Ae  to  the  precautions  to  be  observed  in  embanking  over  and 
Dear  archways,  see  Article  201,  p.  341. 

298  TaMc  •f  €«-OTdtaMtM  aa^  SI«pM  •f  CMomrtea  Corrw. — 
(See  Article  131,  pp.  200,  201,  and  Article  282,  p.  ^18.) 
Let  m  denote  the  modulus,  or  parameter; 

y^  the  ordinate  from  the  directrix  to  the  crown; 

x^  any  abscissa,  measured  horizontally  from  the  crown ; 

y,  the  corresponding  ordinate  from  the  directrix ; 

-—^  the  tangent  of  the  slope  of  the  curve  at  the  end  of  that 
ordinata 
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r8 

2'0 
2*2 
2-4 
2*6 
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3«o 


99 

2*5774 
3*1074 

3*7622 

45679 

55569 
6-7690 

8*2526 

10*0676 


Wkdf 
ii~d9 

23755 
2*9431 

3*6269 

4-4571 
5*4662 

6*6947 

8-1918 

10*0178 


To  interpolate  the  ordinate  y  ztz  v  coiresponding  to  an  miet- 
mediate  abscissa  x  ztz  u,  when  -^  corresponds  to  ^  in  the  table; 
make 


yo 


f» 


yo 


'  This  oompntation  is  to  be  performed  by  addition  to  the  number 
next  below  in  the  table,  or  hy  subtraction  from  the  number  next 
above,  according  as  the  intermediate  abscissa  lies  nearer  to  the  one 
next  below  it  or  to  that  next  above  it. 

When  very  great  precision  is  not  required,  the  terms  in  t^  and 
u*  may  be  neglected;  but  those  in  u  and  u^  should  ahoays  be  com- 
puted. The  greatest  possible  error  within  the  limits  of  the  table, 
by  using  equation  1  as  it  stands,  is  about  "00005;  by  n^lectiog  u' 
and  u^f  that  limit  of  error  is  increased,  for  the  greatest  intermediate 
ordinate  in  the  table,  to  about  *001d. 

298  A.  lii«t  •f  Aaili«ritlM  •■  nasMUT, — (Stones,  Limes,  and 
Cements) — Berthier,  TraiU  dea  EasaiB  par  la  Vote  s^che;  Yicat, 
Traiti  dea  Mortien;  Pasley  on  Cements  cmd  MorUrn.  (Maaoniy  in 
general) — ^Rondelet,  TraUi  de  VArt  de  BdUr;  Gauthey,  Tfxdlede 
la  Consbruction  dea  Fonts;  Tredgold  on  Mctaanry  {Encye,  BriL) 
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CHAPTER  IV. 

OF  CABFJBMTRT. 

SEcnoK  L — Of  Tdmber. 


299.  auwcf—  me  TiMkcvi — ^Timber  is  the  material  of  trees  be- 
longing almost  exclusively  to  that  class  of  the  y^;etable  kingdom 
in  which  the  stem  grows  by  the  formation  of  successive  layers  of 
wood  all  over  its  external  em&uoe^  and  is  therefore  said  by  botanists 
to  be  exo^enotM. 

The  exceptions  are,  trees  of  the  palm  fitmily,  and  tree-like 
grssees,  such  as  the  bamboo,  which  belong  to  the  endogenous  class; 
80  called  because,  although  the  stem  grows  partly  by  the  formation 
of  layers  of  new  wood  on  its  outer  surface,  the  fibres  of  that  new 
wood  do  nevertheleas  cross  and  penetrate  amongst  those  previously 
fonned  in  such  a  manner  as  to  be  mixed  with  them  in  one  part  of 
their  course,  and  internal  to  them  at  another. 

The  stems  of  endogenous  trees,  though  light  and  tough,  ars  too 
flexilde  and  slender  to  furnish  materials  suitable  for  important 
works  of  carpentry.  They  will  therefore  not  be  further  mentioned 
in  Uiis  section  except  to  refer  to  the  tables  at  the  end  of  the 
volume  for  the  tenacity  and  heaviness  of  bamboo. 

The  stem  of  an  exogenous  tree  is  covered  with  bark^  which  grows 
by  the  formation  of  successive  layers  on  its  inner  surface,  at  the 
same  time  that  the  wood  grows  by  the  formation  of  successive 
layers  on  its  outer  sur&ce.  This  double  operation  takes  place  in 
the  narrow  space  between  the  previously-formed  wood  and  bark, 
during  the  drculation  of  the  sap.  The  sap  ascends  from  the  roots 
to  the  leaves  through  vessels  contained  in  the  outer  layers  of  the 
wood;  at  the  surface  of  the  leaves  it  acquires  carbon  from  the 
atmosphere,  ai^d  becomes  denser,  thicker,  and  more  complex  in  its 
composition;  it  then  descends  from  the  leaves  to  the  roots  through 
veiBels  contained  chiefly  in  the  innermost  layers  of  the  bark.  It  is 
believed  that  the  formation  of  new  wood  and  bark  takes  place 
dthar  whollj  or  principally  from  the  descending  sap. 

The  drculation  of  the  sap  is  either  wholly  or  partially  suspended 
ifxnng  a  portion  of  each  year  (in  tropical  climates  during  the  dry 
maa  aod  in  temperate  and  polar  climates  during  the  winter); 
mibeDoe  the  wood  and  bark  are  usually  formed  in  distinct  layers. 
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at  the  rate  of  one  layer  in  each  year;  but  this  rule  is  not  tmivenaL 
Each  such  layer  consists  of  parts  differing  in  density  and  colour  to 
an  extent  which  varies  in  different  kinds  of  trees. 

The  tissues  of  which  both  wood  and  bark  consist  are  diatin'- 
guished  into  two  kinds — cdkUar  tissue,  consisting  of  clusterB  of 
minute  cells;  and  rxxsctUar  tissue,  or  woody  fibre,  consisting  of 
bundles  of  slander  tubes;  the  latter  being  distinguished  from,  the 
former  by  its  fibrous  appearanca  The  difference,  however,  betweai 
those  two  kinds  of  tissue,  although  very  distinct  both  to  the  eye 
and  to  the  touch,  is  really  one  of  degree  rather  than  of  kind;  for 
the  fibres  or  tubes  of  vascular  tissue  are  simply  very  much  elongated 
cells,  tapering  to  points  at  the  ends,  and  *'  breaking  joint'*  with 
each  other. 

The  tenacity  of  wood  when  strained  '*  along  the  grain"  depends 
on  the  tenacity  of  the  walls  of  those  tubes  or  fibres;  the  tenacity  of 
wood  when  strained  "  across  the  grain"  depends  on  the  adhesion  of 
the  sides  of  the  tubes  and  cells  to  each  other.  Examples  of  the 
difference  of  strength  in  those  different  directions  will  be  given 
afterwards. 

When  a  woody  stem  is  cut  across,  the  cellular  and  vascular  taasoe 
are  seen  to  be  arranged  in  the  following  manner: — 

In  the  centre  of  the  stem  is  the  f^,  composed  of  cellular  tissae, 
enclosed  in  the  medullary  sheath,  which  consists  of  vascular  tissue 
of  a  particular  kind.  From  the  pith  there  extend,  radiating 
outwards  to  the  bark,  thin  partitions  of  cellular  tissue,  called 
mediuJiJUvty  rays;  between  these,  additional  medullary  rays  extend 
inwards  from  the  bark  to  a  greater  or  less  distance,  but  without 
penetrating  to  the  pith. 

When  the  medullary  rays  are  large  and  distinct,  as  in  oak,  they 
are  called  "  silvsT  grain,^^ 

Between  the  medullary  rays  lie  bundles  of  vascular  tissue,  form- 
ing the  woody  fibre,  ai*ranged  in  nearly  concentric  rings  or  layers 
round  the  pith.  These  rings  are  traversed  radially  by  the 
medullary  raya  The  boundary  between  two  successive  rings 
is  marked  more  or  less  distinctly  by  a  greater  degree  of  porosity, 
and  by  a  difference  of  hardness  and  colour. 

The  annual  rings  are  usually  thicker  at  that  side  of  the  tree 
which  has  had  most  air  and  sunshine,  so  that  the  pith  is  not 
exactiy  in  the  centra 

The  wood  of  the  entire  stem  may  be  distinguished  into  two 
parts — ^the  outer  and  younger  portion,  called  "  sap-wooci,'*  being 
softer,  weaker,  and  less  compact,  and  sometimes  lighter  in  colour, 
than  the  inner  and  older  portion,  called  ''  heaai^woocL"  The 
heart-wood  is  alone  to  be  employed  in  those  works  of  carpentry 
in  which  strength  and  durability  are  required     The  boundaiy 
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between  the  aap-wood  and  the  heart-wood  is  in  general  difitinctl j 
waAedf  as  if  the  change  from  the  former  to  the  latter  occurred  in 
the  course  of  a  single  year.  The  fallowing  examples  of  the  pxo- 
portion  of  flap-wood  to  the  entire  volume  are  given  on  the  authority 
<rf  Tredgold.     {Frinci^  qf  Carpeniry^  Section  X.) 

ThicknoB    Proportion 
qy^^  Age.        Diametflr.       Rings  of         of  of  Sap- 

Yean.         Inches.       Sap-wood.  Sap-wood,      wood  to 

Inches.    wholeTnink. 

Chestnut, 58  15^  7  |  o*i 

Oak, 65  17  17  i|  0*294 

Scotch  Fir, 1  24  1  2J  0-416 

The  following  data  are  given  on  the  authority  of  Mr.  Bobert 
Murray,  C.K     {Encyc  Brit,,  Article  "  Timber.") 

Tite.  Rings  of 

Sap-wood. 

English  Oak  {Qtiercus peduneulata),..,,. 12  to  15 

Durmast  Oak  (QtMrct«0Mm^»/2()ra), ....'. 20  to  30 

Chestunt  {Ccutanea  Veaca), 5  or    6 

^ha{Ulmu8  ea/mpeatria), about  10 

Jjaieh  {Larix  EuropcBa), „     15 

Scotch  Fir  (Pinitf  «^^9e8fm), „     30 

"MLemeL 'Fit  {Pifws  aylveairis), „     44 

Canadian  Tellow  Pme  {Pinus  variabilis), „     42 

The  structure  of  a  branch  is  similar  to  that  of  the  trunk  from 
which  it  springs,  except  as  regards  the  difference  in  the  number  of 
annual  rings,  corresponding  to  the  difference  of  age.  A  branch 
becomes  partially  imbedded  in  those  layers  of  the  trunk  which  are 
formed  after  the  time  of  its  first  sprouting;  it  causes  a  perforation 
in  those  layers,  accompanied  by  distortion  of  their  fibres,  and  con- 
stitutes what  is  called  a  knot  (On  various  matters  mentioned  in 
Uiis  Article,  see  Balfour's  Manual  of  Botany,  Part  I.,  chap& 
i  and  ii) 

dOO.  TfMfcgr  Ti^ea  ClBwei— FJy  wd— BhwJw—d^ — For  purposes 

of  carpentry  trees  may  be  classed  according  to  the  mechsjiical 
i^tmcture  of  the  wood.  It  has  already  been  stated  that  the 
botanical  classes  of  Endogens  and  Exogens  correspond  to  essential 
difierences  of  mechanical  structure. 

In  further  dividing  the  class  of  Exogenous  trees,  or  timber-trees 
proper,  according  to  the  structure  of  the  wood,  a  division  into  two 
clases  at  once  suggests  itself,  which  exactly  corresponds  with  a 
botenical  diviidon«  viz. : — 
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oomprising  all  timber-treeB  belonging  to  the  oonifeEtraa 


order;  and 

Mtoiwji,  oompridng  all  other  timber-treea 

Beyond  this  primaiy  division,  the  place  of  a  tree  in  the  botani- 
oal  Bystem  has  little  or  no  connection  vrith  the  stmctuie  of  its 
timber. 

A  classification  of  timber  according  to  its  mechanical  strucUire 
was  proposed  by  Tredgold,  founded,  in  the  first  place,  on  the 
greater  or  less  distinctness  of  the  medullaiy  rays;  and  secofndly, 
on  the  greater  or  less  distinctness  of  the  annnal  rings.  According 
to  that  classification,  fir-wood,  or  coniferous  timber,  is  placed  in  tiie 
same  class  with  hardwood  that  has  the  medullary  rays  indistinct; 
and  this  is  certainly  a  hvlt  in  the  system.  If,  however,  fir-wood 
be  placed  in  a  class  apart,  Tredgold's  system  may  very  well  be 
applied  to  divide  and  subdivide  the  class  of  hardwood;  but  it  is 
to  be  observed,  that  the  characters  on  which  that  system  is 
founded,  being  mere  differences  in  degree,  and  not  in  kind,  are  not 
of  that  definite  sort  which  a  thoroughly  satisfactory  system  of 
classification  requires;. and  if  they  are  adopted,  it  is  because  no 
better  set  of  distinguishing  chara(M;ers  has  yet  been  proposed. 

The  following  is  a  condensed  view  of  £he  classification  of  exo- 
genous timber,  as  above  described : — 

CLASS    L     FiR-wooD.  Q^atural  order  Cofd/era), — ^EzampleB; 

— Pine,  Fir,  Larch,  Cowrie,  Yew,  Cedar,  Juni- 
per, Cypress,  kc 

GLASS  IL    Hardwood.  (Non-conifetous  treea) 

Division  L  With    distinct  lai^  medullary  rays.      (The 

trees  in  this  division  form  paH  of  the 
natural  order  Atnentaceos,) 

SuidivUian   L  Annual  rings   distinct. — ^Example: — 

Oak. 
Subdiviaion  IL  Annual  rings  indistinct — Examples  : 

— ^Beech,  Alder,  Plane,  Sycamore,  ^ec 

Division  II.  No  distinct  lai^  medullaiy  rays. 

Subdivinon    I.   Annual    rings    distinct — Examples: 

— Chestnut,  Ash,  Elm,  &c 

Svhdivmon  IL  Annual  rings  indistinct — Examples : 

— Mahogany,  Walnut,  Teak,  Poplar 
Box,  kc. 

The  chief  practical  bearings  of  this  classification  are  as  follows : — 
Fir-wood,  or  coniferous  timber,  in  most  cases,  contains  turpentine. 
It  is  distinguished  by  straightness  in  the  filoe  and  r^;ularity  in 
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the  figure  of  tlie  trees;  qnalitieB  favouiable  to  its  use  in  carpentry, 
e£f)eciall7  where  long  pieoee  are  required  to  bear  either  a  direct  pull, 
or  a  tiransveree  load,  or  for  purposes  of  planking.  At  the  same 
time^  the  lateral  adhesion  of  the  fibres  is  small;  so  that  it  is  much 
more  easily  shorn  and  iplit  along  the  grain,  or  torn  asnnder  across 
the  grain,  than  hardwood;  and  is  therefore  less  fitted  to  resist 
timuBt  or  sheaiing  stress^  or  any  kind  of  stress  that  does  not  act 
akng  the  fibres.  Even  the  toughest  kinds  of  fir-wood  are  easily 
wnraghtb  A  peculiar  characteristic  of  fir-wood  (but  one  which 
leqoires  the  microsoope  to  make  it  visible)  is  that  of  having  the 
vascular  tissue  *'puHeiaM/'  that  is  to  say,  there  are  small  lenticu- 
lar boIlowB  in  the  sides  of  the  tubular  fibres.  This  structure  is 
probably  ocmnected  with  the  smallness  of  the  lateral  adhesion  of 
those  fibres  to  each  other. 

In  Hardwood,  or  n<m-€oniferous  timber,  ihete  is  no  tnipentine. 
The  degree  of  distinctness  with  which  the  structure  is  seen, 
whether  as  regards  medullaiy  rays  or  annual  rings,  depends  on  the 

degree  of  difierence  of  texture  of  difierent  parts  of  the  wood. 

Sodi  difference  tends  to  produce  unequal  shrinking  in  drying;  and 

oonseqnently  those  kinds  of  timber  in  which  the  meduUaiy  rays, 

and  the  annual  rings,  are  distinctly  marked,  are  more  liable  to 

warp  than  those  in  which  the  texture  is  more  uniform.     At  the 

same  time,  the  former  kinds  of  timber  are,  on  the  whole,  the  more 

flexible,  and  in  many  cases  are  very  tough  and  strong,  which 

qualities  make  them  suitable  for  structures  that  have  to  bear 

ahocka 
301.  Awpfmwmmm  •rgs^d  timWv^ — There  are  certain  appearancea 

iriiieh  axe  characteristic  of  strong  and  durable  timber,  to  what  class 

soever  it  belongs. 

In  the  same  species  of  timber,  that  specimen  will  in  general  be 

the  strongest  and  the  most  durable  which  has  grown  the  slowest, 

as  shown  by  the  narrowness  of  the  annual  rings. 
The  cellular  tissue  as  seen  in  the  medullary  rays  (when  visible) 

ahoold  be  hard  and  compact 
The  vascular  or  fibrous  tissue  should  adhere  firmly  together,  and 

should  show  no  wooliness  at  a  freshly-cut  surface,  nor  should  it 

dog  the  teeth  of  the  saw  with  loose  fibres. 
If  the  wood  is  coloured,  darkness  of  colour  is  in  general  a  sign 

of  strength  and  durability. 
The  freshly-cut  sur£Etce  of  the  wood  should  be  firm  and  shining, 

and  should  have  somewhat  of  a  translucent  appearance.     A  dull, 

chalky  appearance  is  a  sign  of  bad  timber. 
In  wood  of  a  given  species,  the  heavier  specimens  are  in  general 

the  stronger  and  the  more  lasting. 
Amongst  resinous  woods,  those  which  have  least  resin  in  their 
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pores,  and  amongst  non-resinoxui  woods,  those  which  have  least  sap 
or  gum  in  them,  are  in  general  the  strongest  and  most  lasting. 

It  is  stated  hy  some  authors  that  in  fir-wood,  that  whidi  has 
most  sap-wood,  and  in  hardwood,  that  which  has  leasts  is  the  most 
durable;  but  the  universality  of  this  law  is  doubtful 

Timber  should  be  free  from  such  blemishes  as  clefis,  or  cracks 
radiating  from  the  centre,  ^*  cup-shakes,"  or  cracks  which  partially 
separate  one  annual  layer  from  another;  ^'upsets,*'  where, the  fibr» 
have  been  crippled  by  compression;  ^' rind-gall^**  orwotinda  in  a 
layer  of  the  wood,  which  have  been  covered  and  concealed  by  the 
growth  of  subsequent  layers  over  them;  and  hollows  or  spongy 
places,  in  the  centre  or  elsewhere,  indicating  the  commenoement  of 
decay. 

302.  Whsmmwim.  •f  Fto  wdir-Ptoat  Fir^  Iiayh,  C^wito,  C«i*m»  Sb€. 

— ^The  following  are  examples  of  timber  of  this  class : — 

L  Puns  timber  of  the  best  sort  is  the  produce  of  the  Bed  Pine, 
or  Scotch  Fir  {Pimu  sylveetris),  grown  in  Norway,  Sweden,  Russia, 
and  Poland.  The  best  is  export^  from  Riga,  the  next  from  Memel 
and  from  Dantsdc.  The  same  species  of  tree  grows  also  in  Britain,  bat 
is  inferior  in  strength.  The  annual  rings,  when  this  timber  is  of  the 
best  kiod,  consist  of  a  hard  part,  of  a  dear  dark-red  colour,  and  a 
less  hard  part,  of  a  lighter  colour,  but  stiU  clear  and  compact 
The  thickness  of  the  rings  should  not  exceed  one-tenth  of  an  inch. 
The  most  common  size  of  the  logs  to  be  met  with  in  the  market  is 
about  13  inches  square.  This  is  the  best  of  all  timber  for  straight 
beams,  straight  ties,  and  straight  pieces  in  framework  generally, 
and  for  the  spars  of  ships. 

Pine  timber  for  the  same  purposes  is  also  obtained  from  various 
other  species,  chiefly  North  American,  of  which  the  best  are  the 
Yellow  Pine  (Piniu  variabiUs),  and  White  Pine  {Pi$ut8  Strobus). 
It  is  softer  and  less  durable  than  the  Red  Pine  of  the  North  of 
Europe,  but  lighter,  and  can  be  had  in  larger  logs. 

IL  White  Fir,  or  Deal  timber  of  the  best  land,  is  the  produce 
of  the  Spruce  Fir  {Abies  excdsa),  grown  in  Norway,  Sweden,  and 
Russia.  The  best  is  that  known  as  Christiania  Deal  Much  of 
this  timber  is  sawn  up  for  sale  into  pieces  of  various  thieknesses 
suited  for  planking,  which, 

when  7  inches  broad  are  called  '*  baUeru,** 
when  9  „  „  "deala.*" 

when  11  „  „  "planks.** 

They  are  to  be  had  of  various  lengths ;  but  the  most  usual  length  is 
about  12  feet 

This  is  an  excellent  kind  of  timber  for  planking,  light  framirig; 
and  joiners'  work,  and  for  the  lighter  spars  of  ships. 
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Amongst  other  kmds  of  spruce  fir,  applied  to  the  same  pnr- 
posesy  are  the  North  American  White  Spmce  {AbisB  alba),  and 
BUu^  Spruce  {Abies  nigra). 

III.  The  Labch  (Larix  Europaaa),  grown  in  yarious  parts  of 
Europe,  fumiahes  tunber  of  great  strength,  and  remarkable  for 
duiabilitj  when  exposed  to  the  weather ;  but  harder  to  work  and 
more  subject  to  warp  than  red  pinei  The  best  sort  has  the  harder 
part  of  the  rings  of  a  dark-red,  and  the  softer  part  of  a  honey-yel- 
low ;  and  its  lings  are  somewhat  thicker  than  those  of  red  pine. 

Two  North  Ajoierican  species,  the  Black  Larch,  or  Hackmatack 
(Larix  pernhda),  and  the  Bed  Larch  {Larix  microoarpa),  produce 
timber  similar  to  that  of  the  European  Larch. 

lY.  The  CowRis  or  Kawbie  {Dammara  Atu^alis),  a  coniferous 
tree,  grown  in  New  Zealand,  produces  timber  similiur  in  its  pro- 
perties to  the  best  kinds  of  pine,  except  that  it  is  said  to  be  more 
liable  to  warp,  and  more  variable  in  quality.  It  is  of  a  brownish- 
ydlow  oolour,  and  more  unifurm  in  its  tei^re  than  red  pine  and 
lardL 

Y.  The  term  Osdab  is  applied^  not  only  to  the  timber  of  the  true 
Cedar  (fiedrvs  Libani^y  but  also  to  that  of  various  laige  species  of 
Jimiper  (such  as  Jv/rwp&nu  Virginiana)  and  of  Cypress.  All  these 
kinds  of  wood  are  remarkable  for  durability,  in  which  they  excel 
all  other  timber;  but  they  ai*e  deficient  in  strongtL 

303.  Mmmmt^itm  ♦f  MMJw—d— Oak,  Beech,  AMgr»  PIm— ,  Bycwra, 

— ^The  kinds  of  timber  which  head  this  article  belong  to  the  first 
divisioii  of  Tredgold's  system,  being  that  in  which  there  are  dis- 
tinct large  medullary  rays.  Of  the  examples  cited,  the  Oak  alone 
belongs  to  the  first  subdivision,  in  which  the  divisions  between  the 
annual  rings  are  distinctly  marked  by  circles  of  pores.  The  other 
examples  belong  to  the  second  subdivision,  in  which  the  rings  are 
leas  distinctly  marked. 

L  Oak  timber,  the  strongest,  toughest,  and  moRt  lasting  of  those 
grown  in  temperate  climates,  is  the  produce  of  various  species  or 
varieties  of  the  botanical  genus  Qtiercus.  In  Europe  there  are  two 
kinds  of  oak  trees;  and  it  is  doubtM  whether  they  are  distinct 
species  or  varieties  of  one  speciea     They  are— 

The  old  EugliBh  Oak,  or  Stalk-fruited  Oak  {Quercua  Eobur,  or 
Quereus  peduncuUUa),  in  which  the  acorns  grow  on  stalks,  and  the 
leaves  close  to  the  twig,  and 

The  Bay  Oak,  or  duster-fruited  Oak  {Quenrcua  aemli/lora),  in  which 
the  acorns  grow  in  close  clusters,  and  the  leaves  have  short  stalks. 

Both  those  kinds  of  oak  come  to  their  greatest  perfection  in 

Britain. 

The  wood  of  the  stalk-fruited  oak  is  lighter  in  colour,  and  has 
moie  numerous  and  distinct  medullary  rays  than  that  of  the 
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cluster-fruited  oak,  in  which  thej  are  sometimes  bo  few  and  indis- 
tinct as  to  have  caused  it  in  some  old  buildings  to  be  mistaken  for 
chestnut.  The  stalk-fruited  oak  is  the  stiffer  and  the  straighter- 
grained  of  the  two,  the  easier  to  work,  and  the  less  liable  to  warp; 
it  is  therefore  preferable  where  stiffnens  and  accuracy  of  form  are 
desired;  the  duster-fruited  oak  is  the  more  flexible^  whidi  gives 
it  an  advantage  where  shocks  have  to  be  borne. 

The  best  oak  timber  when  new  is  of  a  pale  brownish-yellow,  with 
a  perceptible  shade  of  green  in  its  composition,  a  firm  and  gloesj 
surface,  very  small  and  regular  annual  rings,  and  hard  and  com- 
pact medullaiy  rays.  Thick  rings,  many  large  pores,  a  doll 
surface,  and  a  reddish,  or  <^foxy"  hue,  are  signs  of  weak  and 
perishable  wood. 

It  is  considered  that  oak  timber  comes  to  maturity  at  the  age  of 
100  years,  at  which  period  esjih.  tree  produces  on  an  average  abont 
75  cubic  feet  of  timber;  and  that  it  should  not  be  felled  b^ore  the 
sixtieth  year  of  its  age,  nor  later  than  the  200th. 

The  species  of  oak  in  North  America  are  very  numerous.  The 
best  of  them  are,  the  Bed  Oak  {Quercus  rubra),  and  White  Oak 
{Quercua  alba),  which  are  little  inferior  to  the  best  European 
kinds,  and  the  Live  Oak  {QuerctiB  virens)  which  is  said  to  be 
superior  in  strengUi,  toughness,  and  durability,  to  all  other  species^ 
but  is  so  rare  as  to  be  reserved  exclusively  for  ship-building. 

The  wood  of  the  oak  contains  gallic  add,  which  probably  con- 
tributes to  the  durability  of  the  timber,  bnt  tends  to  corrode  iron 
£su(tening& 

The  following  are  examples  of  trees  belonging  to  the  second 
subdivision : — 

II.  Beboh  (Fagu8  aylvaiica),  common  in  Europe; 

IIL  Aldbb  {Alfvus  glfdino9a)y  also  common  in  Europe; 

lY.  Amebicak  Plajte  {PlaUmua  occidenialis),  common  in  North 
America. 

y.  Stcakorb  {Acer  Paeudo-platanus),  also  called  Great  Maple, 
and  in  Scotland  and  the  North  of  England,  Plane;  common  in 
western  Europe. 

All  these  afford  compact  timber  of  uniform  texture.  They  are 
not  used  for  great  works  of  carpentry;  bnt  are  valuable  where  blocks 
of  wood  are  required  to  resist  a  crushing  force.  They  last  well 
when  constantly  wet,  and  are  therefore  suited  for  piles  that  are  to 
be  always  under  water;  but  when  alternately  wet  and  dry  they 
decay  rapidly. 

304.  Hai4wM4  MHtined.— oiiMimit.  AjA,  Bin. — The  examples 
of  timber  in  this  article  belong  to  the  first  subdivision  of  the 
second  division,  according  to  Tredgold's  system,  having  no  large 
distinct  medullary  rays,  and  having  the  divisions  between  the 
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ammal  rin^  disiincily  marked  hj  a  mare  porous  structure.  They 
are  in  general  strongs  but  flexible; 

L  I^  Chestnut  {Caskmea  vesea)  yields  timber  resembling  tbat 
of  the  cluster-fruited  oak,  except  tbat  it  is  without  large  medullary 
njs,  and  has  leas  sap-wood.  Its  properties  resemble  those  of  oak 
timber,  except  that  the  chestnut  timber  is  leas  durable,  especially 
vhen  obtained  from  old  trees. 

IL  The  Ash.  (Fraodnua  exeeUior)  frirmahes  timber  whoee  tough- 
BesB  and  flexibility  render  it  auperior  to  that  of  all  other  European 
trees  for  making  handles  of  tools,  ahafba  of  carriagea,  and  the  like; 
bat  which  is  not  sufficiently  stiff  and  durable  to  be  uaed  in  great 
woika  of  carpentry.  The  colour  of  the  wood  is  like  that  of  oak, 
but  darker,  and  with  more  of  a  greeniah  hue;  the  annual  rings  are 
broader  than  those  of  oak,  and  the  difference  between  their  com- 
pact and  porous  parts  more  marked. 

IIL  The  common  £lm  (Ulmus  campes^ris)  and  Smooth-leaved 
Elm  (Ulmui  glahra)  yield  timber  which  is  valued  for  its  durability 
vben  constantly  wet^  and  is  specially  suited  for  piles  and  for  plank- 
ing in  foundations  under  water.  Its  strength  across  the  grain, 
snd  its  resistance  to  crushing,  are  comparatively  great;  and  theae 
properties  render  it  useful  for  aome  parts  of  mechanism,  such  as 
oaves  of  cart  wheels,  shells  of  ships'  blocks,  and  the  like.  It  is 
oot  suited  for  great  works  of  carpentiy.  There  are  other  European 
species  of  elm,  such  as  the  Wych  Elm  (Ulmus  morUana),  but  their 
timber  is  inferior  to  that  of  the  two  species  named. 

A  North  American  species,  the  Bock  Elm,  is  said  to  be  not  only 
durable  under  water,  but  stniight-grained  and  tough,  so  as  to  be 
well  suited  for  long  beams  and  ties. 

305.  liaviw««4  c— fi— JL— lti«h#g««y.  Teak*  ClffwfccTl»  Hera* 
—These  kinds  of  timber  are  examples  of  the  second  subdivision 
of  Tiedgold's  second  division,  having  no  lai^  distinct  medullary 
nya^  and  no  distinct  difference  of  compactness  in  the  rings. 
This  uniformity  of  structure  is  accompanied  by  comparative  freedom 
from  warping. 

I  Mahogakt  (Stmetenia  mdhogofn^  is  produced  in  Central 
America  and  the  West  Indian  Islands,  that  of  the  former  region 
being  commonly  known  as  "  Bay  Mahogany;"  that  of  the  latter  as 
"  Spanish  Mahogany.**  When  of  good  quidity,  it  is  very  strong  in 
all  directions,  very  durable,  and  preserves  its  shape  imder  varying 
circumstances  as  to  heat  and  moisture  better  than  any  other  kind 
of  ^ber  which  can  be  procured  in  equal  abundance.  Mahogany 
'^ea  much  in  quality;  bay  mahogany  being  in  general  auperior 
to  Spaniah  mahogany  in  strength,  stiffiiess,  and  durability,  and  in 
the  size  of  the  logs.  Spanish  mahogany  is  tho  more  higUy  valued 
for  ornamental  purposes. 
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Spanish  mahogany  u  distingaished  bj  having  a  white  dialkj 
substance  in  its  pores,  those  of  haj  mahogany  being  empty; 

IL  Teak  {Tectona  grcmditf),  ficiom  its  great  strength,  stifinesB, 
toughness,  and  durabifity,  is  the  most  yaLnable  of  all  woods  for 
carpentry,  espeoially  ibr  ship-building.  It  is  prodnoed  in  ihe 
mountainous  districts  of  sonUi-eastem  Asia  and  the  East  India 
Islands.     The  best  comes  from  Malabar,  Ceylon,  and  Java. 

Good  teak  resembles  oak  in  colour  and  lustre,  is  very  uniform 
and  compact  in  texture,  and  has  very  narrow  and  regular  annual 
rings.  It  contains  a  resinous,  oily  matter  in  its  pores,  in  order  to 
extract  which,  the  tree  is  sometimes  tapped ;  but  this  injures  the 
strength  and  durability  of  the  timber,  and  ought  to  be  avoided. 
Insects  do  not  attack  teak,  and  iron  is  not  corroded  by  contact 
with  it,  unless  it  has  been  grown  in  a  marshy  soiL 

IIL  Gbeekheart  (Heetandra  Badum),  a  tree  of  British  Gtuana, 
yields  a  veiy  strong  and  durable  timber,  considered  of  the  first 
quality  for  ship-building  and  all  kinds  of  carpentry,  and  also  for 
piled  foundations  and  other  structures  under  water. 

TV,  Mora  (Mora  excdsa),  also  a  tree  of  British  Guiana,  yields 
a  first-dass  timber  for  ship-building. 

306.  liaviw««d     cMttfaaed.  — Iraa-lMwkf    Bl«e-gMB»   Jiuvali. — 

These  are  three  of  the  numerous  species  of  the  genus  Eucalyptus^ 
])eculiar  to  Australia.  They  yield  timber  of  great  size,  strength, 
and  durability ;  and  that  of  the  iron-bark,  in  particular,  is  held  to 
be  of  the  first-class  for  ship-building.  The  wood  of  iron-bark 
is  white  or  yellowish;  that  of  blue-gum,  straw-coloured;  that  of 
jarrah  resembles  mahogany,  and  is  sometimes  called  "  Aus- 
tralian Mahogany."  The  Eucalypti^  in  common  with  some  other 
Australian  trees,  are  distinguished  from  the  trees  of  other  quarters 
of  the  globe  by  being  more  easily  split  in  concentric  layers,  than  in 
planes  radiating  from  the  pith;  and  the  most  frequent  blemish  in 
their  timber  is  the  occurrence  of  cylindrical  de^  of  that  kind, 
fiUed  with  gum. 

307.  laaaence  •€  0«I1  and  CUmaie  •■  Ttom. — Most  timber  trees 
are  capable  of  fiourishing  in  a  great  variety  of  soils.  The  best  soil 
for  all  of  them  is  one  which,  without  being  too  dry  and  porous, 
allows  water  to  escape  freely,  such  as  gravel  mixed  with  sandy 
loam. 

The  most  injurious  soil  to  trees  is  that  of  swampy  ground  con- 
taining stagnant  water:  it  never  fuls  to  make  the  timber  weak 
and  perishable. 

As  to  the  influence  of  climate,  two  general  laws  seem  to  prevail : 
that  the  strongest  timber  is  yielded,  amongst  diffemmi  epeciei  of 
trees,  by  those  pi<oduced  in  tropical  climates;  and  amongst  trees  of 
the  same  spedea,  by  those  grown  in  cold  climates.     The  first  law  is 
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exemplified  in  aach  woods  aa  teak,  iron-wood,  ebony,  and  lignum- 
vhaBy  saipaaBing  in  strength  all  those  of  temperate  climates:  the 
aeoondy  in  the  led  pine  of  Norway,  as  compared  with  that  of  Scot- 
kindy  in.  the  oak  of  Britain  as  compared  with  that  of  Italy,  and 
even  in  the  oak  of  Scotland  and  the  North  of  England,  as  compared 
with  that  of  the  South  of  England. 

308L  A«e  wmA  ■— —  Ur  uOim^  Ttmihtr, — There  is  a  certain  age 

of  maturity  at  which  each  tree  attains  its  greatest  strength  and 

dutability.     If  cut  down  before  that  age,  the  tree,  besides  being 

smaller,  contains  a  greater  proportion  of  sap-wood,  and  even  the 

heart-wood  is  less  strong  and  lasting;  if  allowed  to  grow  much 

b^ond  that  age,  the  centre  of  the  tree  begins  either  to  become 

Idttle,  or  to  soften,  and  a  decay  commences  by  slow  degrees, 

vhich  finally  renders  the  heart  hollow.     The  age  of  maturity  is 

therefore  the  best  age  for  felling  the  tree  to  produce  timber.     The 

following  data  respecting  it  are  j^ven  on  the  authority  of  Tred- 

gold: — 

Age  of  Maturity. 
•  Yean. 

Oak, /    6oto30o 

^  I  average  loo 

Ash,  Elm,  liurch, 50  to  100 

Fir, 70  to  100 

The  best  season  for  felling  timber  is  that  during  which  the 
sap  is  not  circulating — ^that  is  to  say,  the  winter,  or  in  tropical 
climates^  the  dry  season;  for  the  sap  tends  to  decompose,  and  so 
to  canse  decay  of  the  timber.  The  best  authorities  recommend, 
also,  as  a  means  of  hardening  the  sap-wood,  that  the  bark  of 
trees  which  are  to  be  felled  should  be  stripped  off  in  the  preceding 
spring. 

Immediately  after  timber  has  been  felled,  it  should  be  squared, 
by  sawing  off  four  "  slabs"  from  the  log,  in  order  to  give  the  air 
aooesB  to  the  wood  and  hasten  its  drying.  If  the  log  is  large 
eDOQ^  it  may  be  sawn  into  quarters. 

309.  ■<■■•■!■»  ifaftmJ  aad  AvtiActel* — Seasoning  timber  con- 
sists in  ezpdling,  as  &r  as  possible,  the  moisture  which  is  con- 
tained in  i1»  pores. 

Natural  Seas&iwng  is  peiformed  simply  by  exposing  the  timber 
&eely  to  the  air  in  a  dry  place,  sheltered,  if  possible,  from  sunshine 
and  high  wind&  The  seasoning  yard  should  be  paved  and  well 
drained,  and  the  timber  supported  on  cast  iron  bearers,  and  piled 
80  88  to  admit  of  the  free  circulation  of  air  over  all  the  sur&oes  of 

tbepieoe& 
Nstnml  fleacKming  to  fit  timber  for  carpenters'  work  usu^dly 
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oocupieB  about  two  years;  for  joiners'  work,  about  four  years;  bat 
much  longer  periods  are  sometunes  employed. 

To  steep  timber  in  water  for  a  fortnight  after  felling  it  extracta 
part  of  the  sap,  and  makes  the  diying  process  more  rapid. 

The  best  method  of  Artificial  Seasoning  consists  in  ezpofling  the 
timber  in  a  chamber  or  oven  to  a  current  of  hot  air.  In  Mr. 
Davison's  process,  the  current  of  air  is  impelled  by  a  fiui  at  the 
rate  of  about  100  feet  per  second;  and  the  fan,  air-passages,  and 
chamber  are  so  proportioned,  that  one-third  of  the  volume  of  air  in 
the  chamber  is  blown  through  it  per  minute.  The  best  temper- 
ature for  the  hot  air  varies  with  the  kind  and  dimensions  of  the 
timber;  thus,  for 

Oak,  of  any  dimensions,  the  temperature 

should  not  exceed 105^  Fahr. 

Hardwoods  in  general,  in  logs  or  laige 

pieces, po^to  100^ 

Fir-woods,  in  thick  pieces, 120^ 

„         in  thin  boards, .*...  180°  to  200^ 

Bay  mahogany,  in  boards  one  inch  thick,.. •  280^  to  300^ 


The  time  required  for  drying  is  stated  to  be  as  follows : — 

Thickness  in  inches, i,  2,  3,  4,  6,    8; 

Time  in  weeks, i,  2,  3,  4,  7,  lo, 

the  current  of  hot  air  being  kept  up  for  iwdve  hours  per  day 
only. 

The  drying  of  timber  by  hot  air  from  a  furnace  has  also  been 
practised  successfully  by  Mr.  James  Robert  Napier,  in  a  brick 
chamber,  through  which  a  current  is  produced  by  the  draught  of  a 
chimney.  The  equable  distribution  of  the  hot  air  amon^  the 
pieces  of  timber  is  insured  by  introducing  the  hot  air  doee  to  the 
roof  of  the  chamber,  and  drawing  it  off  through  holes  in  the  floor 
into  an  imdergroimd  flue.  The  hot  air  on  entering,  being  more 
rare  than  that  already  in  the  chamber,  which  is  partially  cooled, 
spreads  into  a  thin  stratum  close  under  the  roo^  and  gradu* 
ally  descends  amongst  the  pieces  of  wood  to  the  floor.  The 
air  is  introduced  at  the  temperature  of  240°  Fahr.  The  ex- 
penditure of  fuel  is  at  the  rate  of  1  lb.  of  coke  for  every  3  lbs.  of 
moisture  evaporated. 

Many  experiments  have  been  made  on  the  loss  of  weight  and 
shrinkage  of  dimensions  undergone  by  timber  in  seasoning;  of 
which  the  details  may  be  found  in  the  works  of  Fincham  on  Ship- 
building,  Tredgold  on  Carpeniryy  Mr.  Murray  on  Skip4ntilding, 


TmBEA — 8BAS05ING — ^DTTBABILITT.  449 

dec.  The  results  of  these  ex])eriments  yaiy  so  much  that  it  is 
almost  impossible  to  condense  them  into  any  general  statement. 
The  following  shows  the  limits  within  which  they  generally 
lie: — 

«.   y^  LoflB  of  Weight  Transverse  Shrink- 

*"°^'  per  Cent  Sng  per  CenU 

Red  Pine, from  12  to  25  2^  to  3 

American  Yellow  Pine, „     18  to  27  2    to  3 

Larch, , „       6  to  25  2    to  3 

Oak  (British), „     t6  to  30  aboiit8 

Elm        „       „     about  40  about  4 

Mahogany,.. „     16  to  25 

310.  itaniMliir  asd  Decaj  mi  TtaMkcr. — All  kinds  of  timber  are 
most  lasting  when  kept  constantly  dry,  and  at  the  same  time  freely 
Tentilated. 

Timber  kept  constantly  wet  is  softened  and  weakened;  but  it 
does  not  necessaiily  decay.  Various  kinds  of  timber,  some  of 
which  have  been  ab^ady  mentioned,  such  &9  elm  and  beech,  possens 
great  durability  in  this  condition. 

The  situation  which  is  least  favourable  to  the  duration  of  timber 
is  that  of  alternate  wetness  and  dryness,  or  of  a  slight  degree  of 
moistare,  especially  if  accompanied  by  heat  and  confined  air.  For 
pieces  of  carpentry,  therefore,  which  are  to  be  exposed  to  these 
caoses  of  decay,  the  most  durable  kinds  of  timber  only  are  to  be 
employed,  and  proper  precautions  are  to  be  taken  for  their  preser- 
vation. 

Slaked  lime  hastens  the  decay  of  timber,  which  should  therefore, 
in  buildings,  be  protected  against  contact  with  the  moi'tar. 

Timber  exposed  to  confibaed  air  alone,  without  the  presence  of 
any  considerable  quantity  of  moisture,  decays  by  " dry  roty'  which 
is  accompanied  by  the  growth  of  a  hmgus,  and  finally  converts 
the  wood  into  a  fine  powder. 

The  following  table  shows  the  comparative  durability  of  some 
kinds  of  timber  for  ship-building,  as  estimated  by  the  committee  of 
lioyd'a. 

12  years.  Teak,  British  Oak,  Mora,  Greenheart,  Iron-bark,  Saul. 
10      „      Bay  Mahogany,  Cedar  {Jtmiperus  Virginiana,) 
9      ,^      European     Continental    Oak,    Chestnut,    Blue-gum, 

Stringy-bark  {Eucalyptus  gigantea,) 
8      „      North  American  White  Oak,  North  American  Chest- 
nut. 
7      „      Larch,  Hackmatack,  Pitch  Pine,  English  Ash. 
6      „      Cowrie,  American  Bock  Elm. 

2q 
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5  yoara.  Red  Pine,  Grey  Elm,  Black  Birch,  Spruce  Fir,  Elng- 

lish  Beech. 
4      „      Hemlock  Pine  (North  American.) 


311.  Ptutimti—  ef  Timber. — Amongst  the  most  efficient  means 
of  preserving  timber,  are  good  seasoning  and  the  free  circulation 
of  air. 

Protection  against  moisture  is  afforded  hj  oil-paint,  provided  that 
the  timber  is  perfectly  dry  when  first  painted,  and  that  the  paint 
is  renewed  from  time  to  time.  A  coating  of  pitch  or  tar  may  he 
used  for  the  same  purpose. 

Protection  against  the  dry  rot  may  be  obtained  by  saturating 
the  timber  with  solutions  of  particular  metallic  salts.  For  this 
pui-pose  Chapman  employed  copperas  {mdphcUe  of  trow);  Mr. 
Kyan,  corrosive  sublimate  {bichloride  of  meTGwry)\  Sir  Williani 
Burnett,  chloride  of  zinc.  All  these  salts  preserve  the  timber 
so  long  as  they  remain  in  its  pores  j  but  it  would  seem  that 
they  are  gradually  removed  by  the  long-continued  action  of 
water. 

Dr.  Boucherie  employs  a  solution  of  siUphcUe  of  copper  in  about 
one  hundred  times  its  weight  of  water.  The  solution,  being 
contained  in  a  tank  about  30  or  40  feet  above  the  level  of  the  1<^, 
descends  through  a  flexible  tube  to  a  cap  fixed  on  one  end  of  the 
log,  whence  it  is  forced  by  the  pressure  of  the  column  of  fluid 
above  it  through  the  tubes  of  the  vascular  tissue,  driving  out  the 
sap  before  it  at  the  other  end  of  the  log,  until  the  tubes  are 
cleared  of  sap  and  filled  with  the  solution  instead. 

Timber  is  protected  not  only  against  wet  rot  and  dry  rot,  but 
against  white  ants  and  sea-worms,  by  Mr.  BethelFs  process  of 
saturation  with  the  liquid  called  commercially  "  creoaoie^  which  16 
a  kind  of  pitch  oil  This  is  effected  by  first  exhausting  the  air 
and  moisture  from  the  pores  of  the  timber  in  an  air-tight  vessel,  in 
which  a  partial  vacuum  is  kept  up  for  a  few  hours,  and  then 
forcing  the  creosote  into  these  pores  by  a  pressure  of  about  150  lbs. 
on  the  square  inch,  which  is  kept  up  for  some  day&  The  timber 
absorbs  from  a  nitUh  to  a  ttodjlh  of  its  weight  of  the  oiL 

312.  fltreagth  •€  Tinker. — Amongst  different  specimens  of  timber 
of  the  same  species,  those  which  ai'e  most  dense  in  the  dry  state 
are  in  general  also  the  strongest 

Tables  of  the  average  results  of  the  most  trustworthy  experi- 
ments on  the  strength  of  different  kinds  of  timber  strained  in 
various  ways  are  given  at  the  end  of  the  volume;  and  a  supple- 
mentary table  containing  some  additional  results,  at  the  end  of 
this  section,  p.  452.  As  to  the  strength  of  timber  posts,  see  Article 
158,  p.  238. 
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The  following  are  some  general  remarks  as  to  the  different  ways 
in  wMch  the  strength  of  timber  is  exerted : — 

L  The  Tenacity  along  the  grain,  depending,  as  it  does,  on  the 
iauiaty  of  the  fibres  of  the  vascular  tissue,  is  on  the  whole  greatest 
in  thofle  kinds  and  pieces  of  wood  in  which  those  fibres  are 
straightest  and  most  distinctly  marked  It  is  not  materially 
a£fected  by  temponuy  wetness  of  the  timber,  but  is  diminished 
by  long-continaed  saturation  with  water,  and  by  steaming  and 
boiling. 

The  ioMietly  ctcroes  tha  grain,  depending  ehiefly  on  the  lateral 
adhesion  of  the  fibres,  is  always  considerably  less  than  the  tenacity 
akmg  the  grain,  and  is  diminished  by  wetness  and  increased  by 
drynesBb  Very  few  exact  experiments  have  been  made  upon  it 
Its  smallness  in  fir-wood  as  compared  with  hardwood  forms  a 
marked  distinction  between  those  two  classes  of  timber,  the 
proportion  whidi  it  bears  to  the  tenacity  along  the  grain  having 
been  found  to  be,  by  some  experiments, 

• 

In  fir-wood,  from  l-20th  to  1-lOtL 

In  hardwood,  from  l-6th  to  l-4th,  and  upwards. 

II  The  Resistahce  to  Sheabino,  by  sliding  of  the  fibres  on 
eadi  other,  is  the  same,  or  nearly  the  same,  with  the  tenacity 
acron  the  grain.  As  to  ikearing  acroaa  the  grain,  see  Article  322, 
pi  460. 

III.  The  Bbsistance  to  Obushino  along  the  grain,  depending, 
as  it  does,  on  the  resistance  of  the  fibres  to  being  crippled  or 
^  upset,"  and  split  asunder,  is  greatest  when  their  lateral  adhesion 
is  greatest,  and  has  been  ifound  by  Mr.  Hodgkinson  to  be  nearly 
twice  as  great  for  dry  timber  as  for  the  same  timber  in  the  green 
state.  In  most  kinds  of  timber,  when  dry,  it  ranges  from  one-half 
to  two-thirds  of  the  tenacity  (p.  236). 

Experiments  have  been  made  on  the  crushing  of  timber  across 
the  grain,  which  takes  place  by  a  sort  of  shearing;  but  they  have 
not  led  to  any  precise  result,  except  that  the  timber  is  both  more 
compressible  and  weaker  against  a  transverse  than  against  a 
loQ^udinal  pressure;  and  consequently,  that  intense  transverse 
oompreasion  of  pieces  of  timber  ought  to  be  avoided. 

lY  The  MoDiTLUS  of  StUPTUBb  of  timber,  which  expresses  its 
Teastanoe  to  crods-breaking,  is  usually  somewhat  less  than  its 
teoadpy  hnt  seldom  much  less.     (See  Article  162,  p.  252,) 

V,  The  f  ACTOB  OF  Safett,  in  various  actual  structures  of  car- 
neotry  nnges  from  4  to  14,  and  is  on  an  average  about  10. 
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SUPPLEMSNTABT  TaBLB  OF  PbOPERTIES  OF  TiMBER  GROWN  IH  GXTIiOX; 
SELECTED  AKD  COMPUTED  FROM  A  TaBLB  OF  THE  PrOPERTIEB  OF 
29INETY-8IZ  KINDS  OF  TlMBER  BT  MODLIAR  ADRIAN  MsEiDIB. 

Modnlin  of    Modolos  of  ^^^i^  ^^ 

IbtL  on  the     IIml  on  tlM  in  ih* 
SqoartlndL  Square  Indi. 

Aludel  {Artoearpua  puheaeens),,..  1,850,000     13,800  51 

Burute  {CJdoroxyUm  SwUienia),  3,700,000     18,800  55 

Caha  Milile  (  Vitex  aHUuima  f ), . .  •  3,000,000     1 3,900  56 
Caluvere.     See  "  Ebon^." 

(^^  (Artocarpiu  vniUgr%fMo^y 1,810,000     11,000  4a 

^E^U^^^}^!n^]   ^'3«o,ooo    13.000  7« 

%.**L.^...*!^^.f.!^ }   »'530.°«>    »3,3oo  57 

Hal  Milile  {Berrya  AmmomUa),     970,000     15,300  48 
Ironwood.     See  "  Naw." 
Jack.     See  "  Cob." 

"NLee  (B(U8ia  longifolia), 1,880,000     13,000  61 

Meean  Milile  (  Vitex  dUissima), . . .  3,040,000     1 4i3oo  56 

IS&w  (Meaua  J^(tgaha\ 3,580,000     17,900  73 

Palmira,     See  «  TaL^' 

Taioo  (Mimtuopa  hexcmdra)^ 3,430,000     18,900  68 

Satinwood.     See  "  Burute." 

BooTijB,  (Theapena  populea), 3,6x0,000     13,700  43 

Tal  {Bor(iMusJlcU}dli/hrfnM), 3,810,000     1 4,700  65 

Teak  (TecUma  gramdis), 3,800,000     1 4,600  55 


Additional  Data  from  the  Experiments  of  Captain  Fowkx, 

RR  AND  MODUAR  MeNDIS. 

Teak  from  Cochin-China, i  ,990,000     1 3, 100  44 

Teak  from  Moulmein, 1,900,000     11,530  42 

Iron-bark (J^t^co/yp^tw — f)from  I         ^r  a. 

Australia,.....^...... /      ^^^'°°°    '*'*°*'  ^* 

Iron-bark,  rough-leaved, 1,157,000     32,500         64 

Jarrah.  See  ''  Australian  Ma- 
hogany," in  Tables  at  end  of 
volume. 

Strinffv-bark   (Eucalwptus  in- ) 
iW^)  from  Aiirt5lia,..r.  }   ^09,000    13.000         54 
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312  A.  f)mmmmmnMwm  Talae  •T  Tinker. — ^The  following  table  shows 

approxiinately  the  comparative  values  of  different  kinds  of  timber 
in  Britain,  that  of  the  best  Russian  Red  Pine  being  taken  as  the 
unit.* 

Yellow  Pine, 0*78  to  0*89 

Red  Pine^ cga  to  1*00 

Beech, I'oo 

Elm, I '00 

A«h, : 1-33 

Oak — ^from  old  ships, 0*83 

„    Canadian, 1*00 

„    British — according  to  size, 1*33  to  a*oo 

Teak — ^African, 1*50 

„        Indian, 3'i7 

Baj  Mahogany, 2*50 

and  upwards. 

Spanish  Mahogany, «.         4-67 

and  upwards. 

Sicnoir  IL — 0/ Joints  and  FaHeningi  in  CarpmUry. 


313.  Cimmmtmtimk  wid  OoMnd  PrIaclFlea- — ^The  joints,  Or  Sur- 
&ce8  at  which  the  pieces  of  timber  in  a  frame  of  carpentry  touch 
each  other,  and  the /astenings  which  connect  those  pieces  together, 
aie  of  various  kinds,  according  to  the  relative  positions  of  the 
pieces,  and  the  forces  which  they  exert  on  each  other.  Joints 
have  been  classed  by  Robison  and  Tredgold;  and  those  authors  are 
veiy  nearly  followed  in  the  following  classification,  which  will  be 
the  hetter  understood  by  refening  to  the  previous  portion  of  this 
▼ork  which  relates  to  framework  in  general,  viz. : — Part  IL, 
Chapter  L,  Section  IV.,  Articles  111  to  122,  pp.  173  to  186  :— 

L  Joints  for  lengthening  ties. 

IL  Joints  for  lengthening  struts. 
IIL  Joints  for  lengthening  beama 
TV.  Joints  for  supporting  beams  on  beama 

y.  Joints  for  supporting  beams  on  posta. 
VL  Joints  for  oonnecting  struts  with  ties. 

Fattettdngs  may  be  classed  as  follows : — 

L  Pins,  including  treenails,  nails,  spikes,  screws,  and  bolts; 
being  fiistenings  which  are  exposed  principally  to  shearing  and 
bending  stress. 


*  Tben  oompsradve  rallies  are  giv«a  aocording  to  Laxton*8  Btdldm't  IMce  Book 
fer  1861,  the  prioe  of  the  beat  red  pine  in  BcanUings  bong  8a.  per  oabic  loot. 
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IL  Straps  and  tie^bars,  indnding  iron  utirrops  and  aaflpending- 
rods,  being  fiASteningB  which  are  exposed  pnncipallj  to  teoEion. 

III.  Sockets. 

In  designing  and  executing  all  kinds  of  joints  and  fastenings, 
the  following  general  principles  are  to  be  adhered  to  as  closely  as 
may  be  practicable : — 

I.  To  cut  the  joints  and  arrange  the  fastenings  so  as  to  weaken 
the  pieces  of  timber  that  they  connect  as  little  as  possible: 

II.  To  place  each  abutting  surface  in  a  joint  as  nearly  as  possible 
perpendicular  to  the  pressure  which  it  has  to  transmit. 

III.  To  proportion  the  area  of  each  such  surfitce  to  the  pressure 
which  it  has  to  bear,  so  that  the  timber  may  be  safe  against  injuiy 
under  the  heaviest  load  which  occurs  in  practice;  and  to  form  and 
fit  eveiy  pair  of  such  surfisuses  accurately^  in  order  to  distribute  the 
stress  un&brmly. 

IV.  To  proportion  the  fastenings,  so  that  they  may  be  of  equal 
strength  with  the  pieces  which  they  connect 

y.  To  place  the  fastenings  in  each  piece  of  timber  no  that  there 
shall  be  sufficient  resistance  to  the  giving  way  of  the  joint  by  the 
fastenings  shearing  or  crushing  their  way  through  the  timber. 

314.  liOTictiwalnv  TiM  IB  performed  by  fiilung  or  by  ^ea/ifing. 
In  a  fished  joint  the  two  pieces  of  the  tie  abut  end  to  end,  and  are 
connected  together  by  means  of  "fish-pieces**  of  wood  or  iron 
which  are  bolted  to  them ;  in  a  scarfed  joint  the  ends  of  the  two 
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Fig.  187.  Fig.  188. 


rig.  190. 

pieces  of  the  tie  overlap  each  other.  Fig.  187  is  a  fished  joint; 
figs.  188,  189,  and  190  are  called  scarfe;  though  in  figs.  188  and 
190  the  ties  are  in  fact  fished  with  iron  as  well  as  scarfed. 

In  a  plain  fished  joirU  the  fish-pieces  have  plane  surfaces  next 
the  tie,  so  that  the  connection  between  them  and  the  tie  for  the 
transmission  of  tension  depends  wholly  on  the  strength  of  the 
bolts,  together  with  the  £riction  which  they  may  cause  by  pressing 
the  fish-pieces  against  the  sides  of  the  tie;  The  tie  is  only  weakened 
so  far  as  its  efiective  sectional  area  is  diminished  by  the  bolt-holes. 
The  joint  sectional  area  of  the  fish-pieces  should  be  equal  to  that  of 
the  ties.   The  joint  sectional  area  of  the  bolts  should  be  at  least  cm- 
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jyih  of  that  of  the  timber  left  after  catting  the  bolt-holen ;  and  the 
bohB  ahoukl  be  square  rather  than  round.  The  bolt-holes  should 
be  80  distributed,  and  placed  at  such  distances  from  the  aids  of  the 
two  parts  of  the  tie,  that  the  joint  area  of  both  sides  of  the  lajer  of 
fibres,  which  must  be  sheared  out  of  one  piece  of  the  tie  before  the 
bolts  can  be  torn  out  of  its  end,  shall  be  as  much  greater  than  the 
effective  area  of  the  tie  as  the  tenadtj  of  the  wood  is  greater  than 
its  resistance  to  shearing;  as  to  which  proportion,  see  Article  312, 
p.  450.  The  same  rule  regulates  the  places  of  the  bolt-holes  in  the 
fisb-pieces. 

The  fish-pieces  and  the  parts  of  the  tie  may  also  be  connected  by 

tncisnte,  as  at  the  upper  side  of  ^g,  187,  or  by  joggles  or  keySy  as  at 

the  lower  side  of  the  same  figure.    In  either  case  the  effective  area 

of  the  tie  is  reduced  by  the  cutting  of  the  indents  or  of  the  key« 

seats,  at  A  and  R     The  area  of  abutting  surface  of  the  indents,  or 

of  the  key-seats,  should  be  sufficient  to  resist  safely  the  greatest 

force  to  be  exerted  along  the  tie;  and  their  distances  from  the  ends 

of  the  fish-pieces  and  of  the  parts  of  the  tie  should  be  sufficient  to 

ressst  safely  the  tendency  of  the  same  force  to  shear  off  two  layers 

of  fibres. 

A  timber  tie  may  be  fished  with  plates  of  iron,  due  regard  being 
paid  to  the  greater  tenacity  of  the  iron  in  fixing  the  proportions 
of  the  parts,  and  the  iron  fish-plates  may  be  indented  into  the 
wood.  Fig.  188  represents  a  joint  in  which  the  parts  of  the 
timber  tie  are  scarfed  together,  and  at  the  same  time  fished  with 
iron  plates,  which  are  indented  into  the  wood  at  the  end& 

Fig.  189  represents  a  scarfed  joint  for  a  tie,  which  will  hold 
without  the  aid  of  bolts  or  strapa  At  C  is  a  key  or  joggle 
of  some  hard  kind  of  wood,  which  is  wedged  in  so  as  to  tighten  the 
joint  moderately.  The  depth  of  the  key  is  one-third  of  the  depth 
of  the  beam.  It  is  evident  that  this  joint,  as  shown  in  the  figure, 
has  only  one-third  of  the  strength  of  the  solid  timber  tie ;  but  its 
strength  may  be  considerably  increased  by  bolting  on  iron  fish- 
plates at  A  and  R 

Fig.  190  shows  a  scarfed  joint  with  several  keys,  which  should 
all  be  driven  equally  tight.  It  is  also  fished  with  iron  plates, 
indented  into  the  wood  at  the  ends. 

The  following  practical  rules  are  given  by  Tredgold  for  the  pro- 
portion which  the  length  of  a  scarf  (between  A  and  £  in  each  of 
the  figures)  should  bear  to  the  depth  of  the  tie : — 

Without      With    With  BoIU 
Bolts.        Bolts,  and  Indents. 

flardwood  (as  Oak,  Ash,  or  Mm), ...     6  3  2 

fir-wood, 13  6  4 
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the  experiments  of  Mr.  Hodgkiiuoii  on  the  strength  of  flat-ended 
and  round-ended  pillars,  it  must  be  inferred  that  this  constmctioQ 
would  weaken  the  post     (Article  158,  ppi  236  to  238.) 

The  same  joints  are  applicable  to  the  case  in  which  a  post  is 
supported  on  a  beam. 

320.  8ir«»i«MdU'rie  J«iBta. — A  stmt  and  a  tie  meeting  at  an 
oblique  angle  are  to  be  connected  by  means  of  a  shoulder  on  the 
end  of  the  strut,  fitting  into  a  notch  in  the  side  of  the  tie,  to 
transmit  the  pressure,  and  of  a  tenon  on  the  strut  fitting  into  a 
mortise  in  the  tie,  or  a  bridle  on  the  tie  fitting  into  a  groove  in  the 
shoulder  of  the  strut,  to  keep  the  joint  steady.  Such  joints  are 
exemplified  in  figs.  193  and  194,  in  each  of  which  B  represents  a 
tie-beam  and  A  the  foot  of  a  strut  or  rafter.  0  D  is  the  shoulder  of 
the  rafter,  fitting  into  a  notch  in  the  tie-beam,  and  having  a  plane 
surface,  which  in  fig.  193  has  a  depth  equal  to  half  of  the  depth  of 
the  rafter,  and  bisects  the  obtuse  angle  between  the  directions  of 
the  tie-beam  and  rafter;  while  in  fig.  194  it  is  perpendicular  to 


Fig.  193.  Fig.  194. 


the  length  of  the  rafter,  and  of  somewhat  more  than  half  its  depth. 
In  fig.  193  the  dotted  lines  at  F  represent  a  tenon  and  mortuej 
whose  breadth  is  one-fifth  of  that  of  the  rafter.  In  fig.  194,  the 
dotted  line  C  F  shows  the  upper  surface  of  a  bridle^  left  uncut  in 
the  middle  of  the  breadth  of  the  notch  C  D  F  in  the  tie-beam,  and 
fitting  into  a  groove  in  the  shoulder  of  the  rafter.  The  breadth  of 
tJie  bridle  is  one-fifth  of  the  breadth  of  the  tie-beauL 

In  making  each  of  those  joints,  care  must  be  taken  that  the 
length  of  the  fibres  left  between  the  notch  C  D  and  the  end  £  of  the 
tie-beam  is  sufficient  to  I'esist  safely  the  tendency  of  the  longi- 
tudinal component  of  the  thrust  against  the  notch  to  shear  them 
off;  that  is  to  say,  let  H  be  that  component  of  the  thrust  of  the 
rafter,  b  the  breadth  of  the  tie-beam  in  inches,  I  the  distance  in 
inches  from  the  notch  to  the  end  of  the  tie-beam,  /*  the  resistanoe 
of  the  wood  to  sliearing,  8  a  factor  of  safety;  then 

According  to  Tredgold,  4  is  a  sufficient  value  for  s  in  this  case; 
and  hence,  taking  f  at  600  lb&  per  square  inch  for  fir,  and  2,300 
lbs.  per  square  inch  for  oak,  we  have 
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TbeM  joints  may  be  made  more  eecnre  hy  binding  the  nft«r  and 
tie  toge^ier  with  a  bolt  or  a  otnp,  in  a  direction  making  •«  acute 
an  angle  with  the  Ue  as  ie  practicable.  The  chief  objeet  of  this  is 
to  bold  the  lafter  in  its  place  in  caw  the  end  uf  the  tie  shonld  give 
way.     (See  fig.  197,  p.  462.) 

321.  Haivaatfai  riece*  in  frames  of  carpentry  are  called  by  the 
Teij  inappropriate  names  of  king-poitB  and  qvetn-poit*,  a  king-post 
being  a  single  nupending  piece  itt  the  centre  o£  a  fnune,  and  queen- 
po8tB(  impending  pieces  in  other  positiMia  A  SDiipending  piec« 
hangs  &OD1  the  point  of  jonction  of  two  stmts  or  raften,  and  sap- 
ports  at  its  lower  end  either  a  beam  or  the  ends  of  one  or  more 
Btmts. 

A  stent  or  rafter  may  bo  eraonected  with  a  suspending  piece  by 
abutting  against  a  notch  cnt  in  ita  side,  or  gainst  a  shoulder 
fcirmed  by  an  enlargement  at  the  end  of  the  so^iending  piece;  and 
in  rather  case  the  distance  of  the  notch  or  ehoiilder  from  the  end 
Lif  the  piece  is  to  be  determined  by  the  formnln  of  the  preceding 
article.  When  a  single  suspending  piece  sopporte  a  bean  at  its 
lower  end  they  are  connected  by 
mans  of  an  iron  stirrup. 

A  better  method  is  to  make  sns- 
pending  pieces  in  pairs,  so  tbat  the 
nftera  fi^m  which  they  bang  may 
aW  between  Uiem  directly  against  >' 

ach  other,  as  shown  by  the  cross- 
Mction  fig.  195,  and  the  side  view 
Gg.  196.      0  and  F  are  the  ends 

rfs  pair  of  rsfte«. butting  sgaiBst      ^     ^^^  y.^",^ 

Mch  other ;  A  and  B  the  npper  ends        ^ 

of  a  pair  of  luspending  pieces,  notched  npon  the  rafters,  and  bolted 
to  each  other  through  the  blocks  or  fiUing-pieoes  D  and  K  If 
duse  figntes  be  tnmed  upside  down  they  will  represent  the  tower 
nub  of  a  pair  of  suspen^Ung-pieces,  forming  a  wooden  stiiTup  for 
the  support  of  a  beam,  or  of  the  ends  of  a  pair  of  struts,  as  the  case 
maybe. 

'ii2.  nm»  TwsaaM- — Wooden  pins,  as  &etenings  for  joints, 
*hea  of  large  diameter,  are  known  as  treenaila.  Experiments 
hsTe  been  made  on  their  resistance  to  a  cr<*B  strain  by  Mr.  Parsons, 
br  the  details  of  which,  see  Murray  On  Ship-buildmg ;  the  results 
nay  be  summed  up  with  sufficient  exactness  for  practical  purposes 
bjBsyhig — 
i      I  TTiat  the  ultimate  resistance  of  English  oak  treenails  to  a 
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shearing  strefis  across  the  grain  is  about  4,000  lbs.  per  sqnaie  inch 
of  section. 

11.  That  in  order  to  realize  that  strength,  the  planks  connected 
by  the  treenails  should  have  a  thickness  equiil  to  about  three  times 
the  diameter  of  the  treenails. 

323.  ffaib  aad  Spikes. — Where  nails  are  exposed  to  any  cod- 
siderable  strain  those  made  by  hand  should  be  used,  as  they  are 
stronger  than  those  made  by  machinery. 

The  weight  in  lb&  of  a  thousand  of  the  '^  flooring  brads'' 
commonly  used  in  carpentry  may  be  roughly  computed  by  taking 
twice  the  sqiia/re  qf  their  length  in  inches. 

The  nails  or  spikes  used  for  fastening  planks  to  beams  are 
usually  of  a  length  equal  to  from  twice  to  twice  and  a-half  the 
thickness  of  the  planks. 

The  following  are  the  results,  as  stated  by  Tredgold,  of  experi- 
ments by  Bevan  on  the  force  required  to  draw  nails  of  different 
sizes  out  of  Dry  Chri^icmia  Deal,  into  which  they  bad  been  driven 
to  different  depths  vteross  the  grain: — 

Kind  Of  Nail.        ^        l^^^      J^     JZ,. 

Sprigs, o'44         4>56o        0*4  23 

»      o*53  3»2oo  044  37 

Threepenny  brads,  1-25  618  0*50  58 

Cast  iron  nails, ...  I'oo  380  0*50  7a 

Fivepenny    nails,  2-00  139  1*50  320 

Sixpenny  nails, ...  2*50  73  I'oo  187 

»,  ...     2-50  73         I 'SO        327 

„  ...     2-50  73        2'oo        530 

So  far  as  these  results  can  be  expressed  by  a  general  law,  thej 
seem  to  indicate  that  the  force  required  to  draw  a  nail,  driven 
across  the  grain  of  a  given  sort  of  wood,  varies  nearly  as  the  cube  (^ 
the  eqvMflre  root  of  the  depth  to  which  it  ie  driven;  and  that  it 
increases  with  the  diameter  of  the  nail,  but  in  a  manner  which 
has  not  yet  been  expressed  by  a  mathematical  law. 

The  following  are  the  results  of  Bevan's  experiments  on  the  force 
required  to  draw  a  "  sixpenny  nail"  of  73  to  the  lb.,  which  had 
been  driven  one  inch  into  different  sorts  of  timber : — 

Deal,  across  the  grain, 187  lbs.  (as  above.) 

Oak,  „  507    „ 

Elm,  ♦,  327    „ 

Beech,  „  667    „ 

Green  Sycamore,     „     312    „ 

Deal,  endwise, 87    „ 

Elm,        „        257    „ 
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The  faOowiQg  were  tiie  forces  required  to  draw  asunder  a  pair  of 
I^anks  joined  by  two  nenls  of  73  to  the  lb. : — 

Deal  S  inch  thick, 712  lb. 

Oak  1  inch  thick, 1009  „ 

Ash  1  inch  thick, 1430  „ 

324.  flcnwa. — ^The  holding  power  of  screw-nailfl,  or  ''wood- 
acrefWB,**  is  probably  proportional  nearly  to  the  prodnct  of  the 
djameter  of  the  screw,  and  of  the  depth  to  which  it  is  screwed  into 
the  'wood.  The  following  are  the  results  of  Bevan's  experiments, 
quoted  bj  Tredgold,  on  the  force  required  to  draw  screws  out  of 
pUmks  of  half-an^ineh  tMck^  the  screws  being  0*22  inch  in  diameter 
over  all,  and  0-035  inch  in  depth  of  thread,  with  12  threads  to  the 
inch. 

Beech, 460  to  990  Iba 

Ash, 790  lbs. 

Oak, 760    „ 

Mahogany, 770    „ 

dm........ • 665       >y 

Sycamore,  830    „ 

325.  ■•It*— Wuken. — ^The  rules  for  proportioning  bolts  which 
haye  to  withstand  a  shearing  stress  in  carpentry  have  already 
been  stated  in  Article  314,  p.  455. 

The  sides  of  a  piece  of  timber  should  always  be  protected  against 
^  crushing  action  of  the  head  and  nut  of  a  bolt  by  means  of  flat 
rings  called  ''  vxuhers;"  the  area  of  each  washer  being  at  least  as 
many  times  greater  than  the  sectional  area  of  the  bolt  as  the  tenacity 
of  the  bolt  is  greater  than  the  resistance  of  the  timber  to  crushing; 
that  is  to  say,  for  fir  the  diameter  of  the  washer  may  be  made  about 
3^  times  the  diameter  of  the  bolt,  and  for  oak  about  2^  times. 

When  a  bolt  is  oblique  to  the  direction  of  the  beam  that  it 
traYerses,  the  timber  may  either  have  a  notch  cut  in  it  with  a 
Boi&oe  perpendicular  to  the  bolt,  to  bear  the  pressure  of  the 
washer,  or  it  n&ay  be  notched  to  receive  a  bevelled  washer  of  cast 
iron,  one  of  whose  surfaces  fits  the  notch  in  the  wood,  while 
another  being  perpendicular  to  the  axis  of  the  bolt,  bears  the 
pressnro  of  the  nut  o^  head,  as  the  case  may  be. 

The  screws  o£  bolts  are  usually  made  of  the  following  proportions, 
or  nearly  so :  the  depth  of  the  thread  one-tenth,  and  the  pitch 
ODd-fiflh  oi  the  internal  diameter.  A  bolt  which  has  to  be  often 
ranored  may  be  made  fast  by  having  a  slot  or  oblong  hole  in  one  of 
ifa  ends,  througb  which  a  key  or  wedge  is  driven. 

Jf  (  IiwB  0tvflip«  are  used  nearly  in  the  same  manner  with  bolts, 

to  bind  pieces  of  timber  together.     They  have  the  advantage  of  not 

•  j-^  so   jnncsh  of  the  timber  to  be  cut  away  as  bolts  do. 
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According  to  the  usual  proportions  of  straps  the  breadth  ranges 
from  four  times  to  eight  times  the  thickne8&  When  a  strap  hat} 
eyes  in  its  ends,  for  bolting  them  to  the  sides  of  a  beam,  it  ought 
to  be  either  broadened  or  thickened  round  each  eye,  so  that  the 
sectional  area  of  the  iron  may  be  at  least  as  great  at  the  sides  of 
the  eye  as  in  other  parts  of  the  strap.  When  a  strap  is  to 
embrace  completely  a  piece  or  pieces  of  timber,  it  may,  when 
practicable,  be  welded  into  a  rectangular  hoop,  and  driven  on 
fi*om  one  end  of  the  timber;  but  when  that  is  impracticable  or 
inconvenient,  it  must  be  made  with  screws  on  its  ends,  of  the  same 
sectional  area  with  its  flat  part,  upon  which  screws  a  oross-pieoe  is 
to  be  made  fast  with  nuts. 

y  327.  A  Mfnnqp  is  a  Strap  which 

y^  supports  a  beam,  or  sustains    the 

y/^        y  thrush  of  one  end  of  a  strul      If 

^       y/^ the  tie  or  suspending  piece  is   of 

I         ^  wood,  the  ends  of  the  stirrup  are 

I  ^^^\§)  bolted  through  it ;   if  of  iron,  the 

'  stirrup  and  tie,  or  suspending  rod, 

***•  ^^^*  are  usually  welded  into  one  pieoeu 

328.  iMM  Tie-B*4«  may  be  used  instead  of  timber  ties  and  sus- 
pending pieces  in  all  these  parts  of  a  frame  of  carpentry  in  which 
tension  alone  is  to  be  borne,  and  is  not  combined  with  a  bending 
action,  nor  alternated  with  thrust.  They  may  be  connected  with 
the  timber  pieces  of  the  fiume  by  means  of  screws  and  nuts,  eyes 
and  bolts,  slots  and  wedges,  stinoips  or  sockets;  and  they  should 
be  capable  of  being  tightened  when  required,  by  means  of  screws 
or  of  wedges.  Care  must  be  taken  that  the  points  of  attachment 
of  the  ends  of  a  long  iron  tie-ixnl  are  free  to  change  their  distance 
from  each  other  to  an  extent  suiBment  to  allow  of  the  changes  of 
length  of  the  rod  which  are  produced  by  changes  of  temperature, 
at  the  rate  of  about 

O012  of  the  length  of  the  rod,  for  180""  of  change  of  temperature 
on  Fahrenheit's  scale. 

329.  ir«a  8Mk«c«,  made  to  fit  the  ends  of  pieces  of  timber, 
furnish  a  convenient  means  of  making  various  joints  in  framework, 
especially  at  points  where  struts  meet  each  other,  or  have  to  be 
connected  with  tie-rods.  If  thrust  alone  is  to  be  borne  by  the 
socket,  cast  iron  is  the  most  convenient  material;  if  any  consider- 
able tension  is  to  be  borne,  strong  wrought  iron  plates  are  best 

330.  Pr«t«cci«a  ef  lv«a  PasteniiMpi. — ^The  iron  &stenings  of 
timber,  especially  if  in  contact  with  oak,  rust  very  rapidly  unless 
properly  protected.  Amongst  the  most  efficient  means  of  pro- 
tection are  the  following : — 
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I.  BooHng  in  coal-tar,  espeoially  if  the  pieces  of  iron  have  first 
been  heated  to  the  temperature  of  melting  lead. 

XL  Heating  the  pieces  of  iron  to  the  temperature  of  melting 
lead,  and  smearing  their  snrfaoes,  while  hot,  with  cold  linseed  oil, 
▼hich  dries  and  forms  a  sort  of  vamish.  This  is  recommended  by 
Smeaton. 

III.  Painting  with  oil-paint,  which  must  be  renewed  from  time 
to  time.     The  linseed  oil  process  is  a  good  preparation  for  paint- 

IDg. 

lY.  Coating  with  zinc,  commonly  called  galvanizing.  This  is 
efficient,  provided  it  is  not  exposed  to  acids  capable  of  dissolving 
the  anc;  but  it  is  de8iax>yed  by  sulphuric  acid  in  the  atmos- 
phere of  places  where  much  coal  is  burned,  and  by  muriatic  acid  in 
the  ndghbourhood  of  the 
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331.  jontod  ud  iB«mtt««  BBilt  B«««M.  — In  fig.  198  two 
paeees  of  timber  are  built  into  one  beam  of  double  the  depth  of 
dther,  by  the  aid  of  hardwood  keys 

(ft  jog^,  which  resist  the  shearing    .  iTi    ft A ft ft    ft — & — du 

sfcreBS at  the  surface  of  junction,  and  "]'*!*' 1*1  i'*l'''l"'il 
of  F^cal  bolts  in  the  spaces  between  Pl^  ^^g^ 

thekeyiL  It  Lu  obvious  that  no  key  nor 

bolt  should  be  put  at  the  middle  of  the  span ;  because  in  general  there 
is  no  shearing  stress  there;  and  also  because  the  bending  moment 
13  in  general  a  maximum  there,  and  it  is  desirable  to  weaken  the 
cro8»-aection  as  little  as  possible.  The  grain  of  the  keys  should  run 
verticaOy.  According  to  Tredgold,  the  joint  depth  of  all  the  keys 
should  amount  to  once  (vnd  a-third  the  total  depth  of  the  beam, 
and  the  breadth  of  each  key  should  be  twice  its  depth. 

Considering  that  the  stress  at  the  neutral  surface  is  equivalent 
to  throst  in  a  direction  sloping    ^,  ^   ^    ^ ^.^    ^    ^ 


at  45°,  combined  with  tension    r\»\»\»\ /^/ 

in  a  d^ection  sloping  at  45**  the     '     ^^     V»    ^^     »   o"    \i'    ^    ^ 


oppoate  way  (see  Article  1 62,  ^'  1^®- 

p<  2501  it  would  seem  that  the  best  position  for  the  keys  would  be 
that  shown  in  fig.  199,  their  fibres  being  made  to  slope  in  the 
directum  of  the  thrust,  and  the  bolts  being  made  £6  slope  in  the 
^iiection  of  the  tension.  This,  however,  so  for  as  I  know,  has 
MJver  yet  been  tried. 

In  fig.  200  the  two  pieces  of  which  the  beam  is  built  are  in- 
dented into  each  other,  a  sacrifice  of  depth  being  thus  incurred 
equal  to  the  depth  of  an  indent.  The  abutting  surfaces  of  the 
indents  face  outwards  in  the  upper  piece,  and  inwards  in  the 
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lower,  80  as  to  resist  the  tendoDcy  to  slide.     According  to  experi- 
ments hy  Duhamel,  the  joint  depth  of  the  indents  should  amonot 

to  two-thirds  of  the  total  depth 
of  the  beam.  The  beam  in  the 
figure  is  slightly  tapered  from 
the  middle  towards  the  ends, 
in  order  that  the  hoops  which 


Itg.  200. 


are  used  to  bind  it  may  be  put  on  at  the  ends  and  driven  tight  with 
a  mallet. 

When  a  beam  is  built  of  several  pieces  in  length  as  well  as  in 
depth,  they  shotdd  break  joint  with  each  other.  The  lower  layer 
should  be  scarfed  or  fished  like  a  tie  (Article  314,  p.  4^4),  and  the 
upper  layer  should  have  plain  butt  joints.  The  upper  layer  of  a 
built  beam  is  sometimes  made  of  hardwood,  and  the  lower  layer  oi 
fir,  in  order  to  take  advantage  of  the  retdstance  of  the  former  to 
crushing  and  the  tenacity  of  the  latter. 

332.  B«nt  WLtbm  are  sometimes  obtained  from  naturally  bent 
pieces  of  timber,  called  "  knee&" 

Naturally  straight  pieces  of  timber  may  be  permanently  bent  by 
steaming  them  until  the  wood  is  softened,  and  while  in  that  con- 
dition bending  them  by  combinations  of  screws,  and  keeping  them 
bent  until  they  dry  and  stifien.  By  this  process  there  is  a  risk  of 
injuring  the  tenacity  of  the  fibres  at  the  convex  side  of  the  pece, 
unless  they  are  prevented  from  stretching  by  the  following  con- 
trivance (see  fig.  201) : — ^A  A  is  the  piece  of  wood  to  be  bent  Its 
ends  abut  against  the  bent  parts  of  a  strip  of  boOer-plate  B  B, 

which  has  two  eyes  0  C, 
that  are  drawn  together  by 
J     a  pair  of  tightening-screws 
at  D  till  the  required  cur- 
vature is   produced.      The 
whole  of  the  fibres  of  the 
timber  are  compressed,  and 
none  of  them  have  their  tenacity  injured;  and  it  is  found  by 
experiment  that  bent  ribs  made  in  this  way  are  as  strong  as 
natural  knee& 


Fig.  201. 


333.  BaUt  BAs  are 
best  made  by  a  method 
invented  by  Philibert 
de  rOrme,  and  repre- 
sented in  i^  202, 203, 

and  204.     Fig.  202  is 

u     n'u'u      ij      u'u'u      u      u       a  side  view,  and  fig. 

*'«•  208.  203  a  plan  of  a  rib 

made  of  several  layers  of  planks  set  an  edffe,  breaking  joint  with 


Slg.  202. 


■4a. 
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F!g.  204. 


»ch  other  (as  the  plan  shows),  and 
GODoected  t^^ther  bj  squaze  bolts  or 
wedgea 

In  fig.  202  the  edges  of  the  planks 
are    supposed    either    to    have   been 
originally  curved,   or    have    had    the 
corners  smoothed  off:  in  fig.  204  it  is  shown  how  they  may  be 
Qsed  with  straight  edges. 

A  built  rib  of  this  sort,  properly  constructed,  is  nearly  as  strong 
as  a  solid  rib  of  the  same  depth,  and  of  a  breadth  less  by  the  thick- 
B«ss  of  one  Ictyer. 

33i  iLmmbmt^td  Rika  are  composed,  as  in  fig.  205,  of  layers  of 
plank  laidfiattoise^  breaking  joint 
and  bolted  together.  They  are 
easily  made,  and  very  often  used 
iu bridges  and  roofs;  but  the  ex- 
periments of  Ardant  have  shown  p.  2^,^^ 
that  they  are  weaker  thah  solid 
n1)e  of  ^e  same  dimensions,  nearly  in  the  ratio  of  unity  to  the 
luimW  of  layers  into  which  they  are  divided 
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335.  Ctcacml  KeaiarlBi  •■  the  Balnacet  ScaMlltr,  «Bd  flareagth  •t 

Tteker  FramiHg. — The  general  principles  of  the  balance  and  stability 
oHrames  and  ribs  of  any  material,  already  given  in  Part  II.,  Chapter 
l.»  Section  IV.,  pp.  173  to  203,  and  the  general  principles  of  the 
^ngth  of  materials,  given  in  the  same  chapter.  Section  V.,  pp. 
221  to  314,  serve  to  solve  all  problems  relating  to  the  balance, 
stability,  and  strength  of  structures  in  carpentry.  In  the  present 
^*<^on  it  will  only  be  necessary  to  add  some  explanations  of 
inatters  of  detail  in  those  particular  cases  which  occur  most 
««\uently  in  practice.  In  fixing  the  transverse  dimensions,  or 
' »!a7Uling8j^  of  the  main  pieces  of  timber  which  compose  a 
^nicturc  of  carpentry,  made  of  good  pine,  fir,  or  oak,  it  is  usual  to 
uDiit  the  greatest  intensity  of  the  stress,  whether  compressive  or 
^osile,  to  1,000  lbs.  per  square  inch  of  section;  and  when  this  is 
<x»m)«red  with  the  tenacity,  resistance  to  crushing,  and  modulus  of 
''iptnre,  of  those  kinds  of  timber,  it  appears  that  the  /actor  of 
*l^«^y  ranges  from  6  to  14,  or  thereabouts,  and  is  on  an  average  10, 
*s^  been  stated  in  Article  143,  p.  222. 

336.  PUuferMs  of  timber  consist  of  planks  resting  on  beams. 
p^  Wins  upon  which  the  planks  rest  may  either  be  the  main 
ypams  or  girders  of  the  structure,  or  they  may  be  cross-beams  or 
^^.snpported  by  those  girders.     (Articles  317,  318,  pp.  456, 

2h 
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4o7.)  The  former  mode  of  construction  is  that  nrhich  enables  a 
given  strength  to  be  attained  with  the  least  expenditure  of  material 
and  labour  at  the  outset ;  but  the  latter,  in  most  cases^  is  the  more 
economical  in  the  end ;  for  although  it  causes  a  greater  expenditorc 
of  material  in  joists  than  it  saves  bj  requiring  thinner  planking, 
the  saving  in  the  quantity  of  planking  is  productive  c^  the  greatest 
saving  of  expense;  for  the  planking  requires  more  frequent  renewal 
than  the  joists. 

It  would  be  foreign  to  the  purpose  of  this  book  to  describe  the 
various  modes  of  constructing  the  floors  of  houses.  The  timber 
platforms  with  which  the  civil  engineer  is  chiefij  concerned  are 
those  of  bridges  and  of  foundationa  The  latter  will  be  described 
further  on. 

The  usual  thickness  of  the  planking  for  the  platform  of  a  bridge 
with  joists  is  from  3  to  4  inches,  the  joists  being  placed  at  distances 
of  from  2  feet  to  4  feet  from  centre  to  centre.  That  thickness  bas 
been  found  by  experience  to  be  requisite  in  order  to  withstand  the 
shocks,  friction,  and  wear,  to  which  the  planking  is  subjected,  and 
is  in  general  much  greater  than  is  required  for  mere  strength  to 
support  the  greatest  load  with  safety. 

In  bridges  supporting  railways  where  chairs  are  used,  the  joists 
arc  usually  so  arranged  as  to  be  directly  under  the  chaira 

The  breadth  of  the  joists  is  from  one-eighth  to  one-quarter  of 
their  distance  apart;  and  their  transverse  dimensioDa  are  fixed 
with  reference  to  the  greatest  load  upon  them  and  to  the  width 
which  they  span  over  between  the  girders.  For  timber  bridges  and 
platforms  not  carrying  railways,  that  load,  in  Ibe,  per  sqiuure  foot  of 
platform,  is  nearly  as  follows ; — 

Weight  of  a  closely-packed  crowd,  estimated  at  120  Iba  per  sq.  ft> 

Add  for  the  planking  and  joists,  say  3^  19  v 

Gross  load  for  a  single  wooden  platform, 150  »  »» 

If  there  is  a  broken  stone  or  gravel  roadway,  add  1 00  „  „ 

Making  in  all 250,,  „ 

Wlien  the  platform  carries  a  railway,  the  scantling  of  each  joist 
must  be  regulated  by  the  fact,  that  the  load  on  a  pair  of  .driving 
wheels  of  the  heaviest  engine  used  on  the  line  may  rest  above  a 
certain  j)air  of  points  in  the  joist.  Should  the  rails  be  either 
directly  above  tho  girders,  or  so  nearly  above  them  th^t  this  rule 
gives  a  less  scantling  than  the  former,  the  rule  for  platforms  not 
carrying  railways  is  to  be  followed. 

The  beat  mode,  in  general,  of  designing  the  joists,  is  to  fix  the 
ratio  oi  the  depth  to  the  span  with  a  view  to  stifiTness,  as  ex* 


TUBER  JOISTS  FOB  FLATFORUS.  467 

plained  in  Article  170,  p.  275,  and  ihea  compute  the  breadth  with 
&  vieiv*  to  strength. 

The  following  formule  express  the  results  of  these  rules  algebnd- 
eallj. 

Oajsb  I.  For  platfonns  not  carrying  railwajs^  let 

B  be  the  distance  from  centre  to  centre  of  the  Joist& 
b,  the  breadth  of  a  joists 
hy  its  depth. 

I,  the  span  from  centre  to  centre  of  the  girders;  then  the 
greatest  moment  of  flexure  is  to  be  as  follows : — 


1,000  6*2    150  B^^      ,    , 

6 =  8  X  144    ^^  P^*^  roadways; 

or  Q — ^-jj-  for  broken  stone  roadways;     I 


(1.) 


(2.) 


and  consequently, 

B  =  IJSOP  *■"  P^*^  roadways; 
Ti  =  TaQht  ^or  broken  stone  roadway  & 

Case  II.  For  a  platform  canying  a  railway,  in  which  one  line  of 
rails  lies  midway  between  a  pair  of  girders;  let 

W  be  the  load  on  a  pair  of  driving  wheels  of  the  heaviest 

engine,  in  lbs. 
k,  the  gauge  of  the  ni\s,Jrom  eerUre  to  centre  in  inches;  then, 

/  being  also  expressed  in  inches, 

6        ~  ~"~4       ' ^  ^^ 

and  therefore 

2,000'     *2    V*-; 

Example. — Let  ^=90  inches;  A  =  60  inches;  h=l2  inches;  W  = 
30,000 lb ;  then  b  =  9375  inches 

As  to  the  length  and  weight  of  the  spikes  to  be  used  for  nailing 
the  pknks  to  the  joists^  see  Article  323,  p  460. 

When  a  platform  has  both  girders  and  joistB,  it  may  be  stiffened 
against  distortion  by  laying  the  planks  diagonally.  When  separate 
diagooft]  braces  are  used  for  that  pui-pose,  their  dimensions  should 
he  ranilated  bj  the  horizontal  shearing  stress  which  the  wind  may 
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profliice  when  blowing  against  the  side  of  the  structure,  as  cal- 
culated by  tlie  formula  for  F  in  Case  VI.  of  the  table,  p.  246.  The 
greatest  intensity  of  the  pressure  of  the  wind  hitherto  observed  in 
Britain  is  55  lbs.  on  the  squai*e  foot;  in  tropical  climates  it  is 
said  sometimes  to  reach  double  that  amount. 

When  there  is  no  special  reason  for  making  a  timber  platform 
close-jointed,  it  is  aclvisable  to  lay  the  planks  with  openings 
between  them  of  from  \  inch  to  ^  inch  in  width,  in  order  to  let 
rain-water  escajie  and  air  circulate. 

337.  R«ofs— Corcring  «ud  i^oad. — ^The  parts  of  a  roof  may  be 
distinguished  into  the  covering  and  the  framework.  The  extent  of 
the  covering  of  a  roof  is  usually  expi-essed  in  squares  and  feeiy  a 
sqtLore  of  roofing  being  100  square  feet.  The  following  table  shows 
the  structure  and  weight  in  lbs.  per  square  foot  of  the  most  usual 
kinds  of  covering  for  timber  roofs,  and  their  flattest  ordinaiy  slopes  :* 

_  Flattest  Ordi-      Wdght  per  Square 

MATERIAL.  jj^jy  gj^jp^  Foot— Lba. 


Sheet  copper,  about  '022  of  an  )  « 

inch  thick, J 


I -co 


Sheet  lead, 4  I'oo 

Sheet  zinc, 4"*  1*25  to  1-625 

Sheet  iron,  plain,  -^  inch  thick,  ...         4"^  3*00 

„  corrugated...... 4''  3'40 

Cast  iron  plates,  |  inch  thick, 4°  15*00 

Slates, 30°  to  22^     5-00  to  11-20 

Tiles, 3o°to22|     650  to  17-80 

Boarding,  ^  inch  thick,  22^°  2*50 

(Weight  of  other  thicknesses  in 
proportion.) 

Thatch, 45°  650 

For  the  timbering  of  slated  and 

tiled  roofs,  add  per  square  foot,  from  5-50  to  6-50 

For  the  pressure  of  the  wind,  ac- 
cording to  Tredgold,  there  is  to 
be  taken  into  account  an  ad- 
ditional load  per  square  foot  of  40 

Sheet  copper  is  nailed  on  boards.  Sheet  lead,  zinc,  and  iron,- 
slates,  and  tiles,  may  be  either  nailed  on  laths  or  battens  (which 
are  slender  pieces  of  timber  of  from  1  inch  by  1^  inch  to  1^  inch 

*  The  anffles  set  down  for  the  slopes  of  roofii  in  this  table  are  all  aliqoot  parts  of  a 
circumference  i  such  aogles  being  at  once  the  most  convenient  in  desifrning  ftitroework, 
and  the  most  pleasing  to  the  eye.  (The  latter  foot  appears  to  faa\'e  been  first  potntfid 
out  by  Mr.  Uay  in  his  Theory  o/Btauty,') 
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by  3  inclies,  or  thereabouts,  nailed  across  the  rafters),  or  upon  board- 
ing of  from  ^  inch  to  |  inch  thick.  Sheet  iron  may  be  nailed  or 
screwed  directly  to  the  rafters,  and  cast  iron  plates  screwed  or 
bolted  to  the  principal  rafterB  to  be  afterwards  mentioned.  Hoofs 
in  which  the  framework  as  weU  as  the  covering  is  of  iron  will  be 
treated  of  in  another  chapter. 

The  steepest  ordinary  declivity  in  Gothic  roofs  is  60°;  but  by  the 
Metropolitan  Building  Act,  1855,  the  declivity  of  the  roofs  of 
buildings  used  for  purposes  of  trade  is  limited  to  47°. 

338.  Baiien  and  Purlins  are  those  parts  of  the  framework  of  a 
roof  which  lie  immediately  below  the  covering,  so  as  to  form  with 
it  a  moi'e  or  less  sloping  platform.  In  fig.  206,  A  A  is  one  of  the 
eamnwn  rafters,  which  are  placed  from  1  foot  to  2  feet  apart  from 
centre  to  centre,  and  are  supported  by  the 
purlins,  to  which  they  are  spiked  or 
screwed.  B  is  a  cross-section  of  one  of 
the  purlins,  which  lie  from  6  feet  to  8  feet 
apart  from  centre,  and  are  slightly  notched 
where  they  cross  the  principal  rafters. 
The  side  of  the  purlin  which  faces  down 
the  slope  is  supported  by  means  of  the  "  Y\g.  206. 
block  C,  which  is  screwed  to  the  principal 

rafter  D  D.  The  principal  rafters  form  parts  of  a  series  of  frames  or 
trusses,  which  are  placed  at  from  5  to  10  feet  apart.  In  order,  to 
prevent  the  action  of  transverse  loads  on  the  principal  rafters,  they 
are  to  be  suppoi-ted  below  each  point  where  the  purlins  cross  them 
by  struts,  such  as  that  of  which  the  upper  end  is  shown  at  R 

DiagotuU  Braces,  to  stiffen  the  roof  and  stay  the  trusses  against 
upsetting  sideways,  may  be  framed  either  between  the  rafters  or 
between  the  purlins.  No  precise  rule  can  be  given  for  their 
scantling  j  but  they  will  in  general  be  strong  and  stiff  enough 
if  each  transverse  dimension  is  made  one-twentieth  part  of  the 
tmsapported  length.  When  the  roof  is  boarded,  the  same  purpose 
may  be  answered  by  laying  the  boards  diagonally. 

339.  wt—t-Vrmwrnem  are  frames  of  the  kinds  already  discussed  in 
Articles  114  to  120,  pp.  176  to  184,  in  which  the  principles  that 
regulate  the  thrusts  and  tensions  along  the  several  pieces  have  been 
explained.  In  the  present  Article  it  is  only  necessary  to  state 
what  particular  cases  of  such  frames  are  the  most  common  in 
practice. 

L  Triakgular  Truss. — Fig.  207  is  a  skeleton  figure  of  the 
simplest  form  of  truss,  which  is  an  isoceles  triangle,  B  B  being  the 
tie-beam,  and  A  and  C  equally  inclined  principal  rafters.  2  and  3 
are  the  points  of  support,  1  the  ridge.  D  is  a  sUspending-piece, 
which^  when  of  wood,  is  called  the  king-post,  ani  when  of  iron,  the 
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king-boU;  it  rapports  the  weight  of  the  middle  half  of  the  tae-beam. 


Fig.  207. 


Fig.  208. 


and  of  any  floor  or  other  load  with  which  that  beam    maj  be 

loaded. 

In  the  diagram,  flg.  208,  the  vertical  line  0  A  represents  the 

load  on  the  point  1 ;  that  is,  half  the  grosB  weight  of  the  roof;  O  C 

and  O  Ay  parallel  to  the  two  lufters,  represent  the  tiirusts  along 

them ;  and  the  horizontal  line  O  B  represents  the  tension  along  the 

tie-b^on. 

The  algebraical  expression  of  this  is  as  follows : — 

Let  W  be  the  gross  weight  of  the  truss,  togeth^  with  that  of 

the  division  of  the  roof,  of  which  it  occupies  the  middle,  and  that  of 

the  floor,  or  other  load  supported  by  the  tie-beauL 

Cf  the  half-span  of  the  truss. 

kj  its  rise. 

H,  the  tension  along  the  tie-beam. 

T,  liie  thrust  along  each  of  the  rafters;  then 


h4;;tV(h-*]D 0) 


IL  TRAFEZoroAL  Truss.— In  fig.  209,  B  B  B  is  the  tie-beam,  A 
and  0  two  equally  inclined  principal  rafters,  F  a  horizontal  niter 
or  siraimng-jnece.    D  and  E  are  suspending-pieces,  to  carry  part  of 

the  weight  of  the  tie-beam,  and 
also  that  of  the  floor,  which 
usually  rests  on  the  tie-beam 
between  the  points  5  and  6, 
toffether  with  its  load. 

The  same  diagram  of  forces 
as  in  the  former  case,  fig.  208, 
applies  to  this  case;  it  being  understood  that  0  B  =  B  A  represent 
the  loads  on  the  points  1  and  4  respectively;  that  is,  on  each  of 
those  points,  one  qiMrUr  of  the  weight  of  the  roof  and  truss,  and  half 
the  weight  of  the  floor  between  the  points  5  and  6.  The  hori- 
zontal line  O  B  represents  at  once  the  tension  along  the  tie-beam, 
and  the  thrust  along  the  straining-piece  F. 

The  part  of  the  roof  above  the  straining-piece  F  may  either  be 
flat,  or  may  be  supported  by  a  small  triangular  BKxmiJiairy  truss 


BOOF-TRUSSES. 


471 


(see  Artacle  121,  p.  184),  similar  to  fig.  207,  and  resting  on  the 
points  1  and  4.  The  straining-piece  F  of  the  principal  truss  may 
\»e  made  to  act  alao  as  the  tie-beam  of  the  secondarv  truss ;  iu  which 
esse  the  thrust  along  it  will  be  the  ezccM  of  Uie  horizontal  stress  U 
iA  the  principal  truss  above  thai  in  the  secondary  truss, 

III.  Sbcokdary  Trussing  under  Principal  Rafters. — The 
direct  support  of  the  points  where  the  purlins  crora  the  rafters, 
already  mentioned  in  Article  338,  p.  4G9,  is  effected  by  means  of  a 
sT>$tem  of  aecondaiy  trussing,  of  which  fig.  210  may  be  taken  as  an 
example.  That  figure  represents  a  truss  in  which  the  main  tie  and 
the  SQspending-pieces  are  all  iron  rods ;  \mt  it  is  applicable  also  to 
the  case  in  which  either  some  or  all  of  those  pieces  are  of  timber. 
{A,  II.,  159.) 

Let  W  be  the  weight  of  the  roof  distributed  over  the  points  3, 
4,  6,  1,  8,  10,  2,  so  that  one-twel/Ui  rests  directly  on  each  of  the 
points   of  support  2  and  3,  and  one-sixth  on  each  of  the  five 


Fig.  210. 

intermediate  points ;  2  3  is  the  great  tie-rod ;  1  7,  6  5,  8  9,  suspend- 
ing-rods;  7  6,  7  «,  5  4,  9  10,  struts. 

(1.)  Primary  Truss  1  2  3. — The  load  at  1,  as  before,  is  to  be 
taken  as  =  4  ^y  ^^^  ^^  stresses  found  by  equation  1  of  this 
article. 

(2.)  Secondary  Trusses  7  6  3,  7  8  2.— The  load  at  6  is  to  be  held 
to  consist  of  one-half  of  the  load  between  6  and  1,  and  one-half  of 
the  load  between  6  and  3 ;  that  is,  one-half  of  the  load  between  1 
and  3,  or  \  W.  The  trusses  are  triangular,  each  consisting  of  two 
simts  and  a  tie,  and  the  stresses  are  to  be  found  as  in  Article  115, 
p  177 ;  that  is  to  say,  let  H'  denote  the  horizontal  stress  in  each 
of  these  secondary  trusses;  T  the  thrust  along  the  rafters  between 
6  and  3,  and  between  8  and  2,  due  to  their  ))laces  in  those  trusses ; 
and  Sf  the  thrust  along  the  struts  67  and  87 ;  then 

The  snspenaion-rod  1  7  supports  two-thirds  of  the  load  on  7  6  3, 
and  two-thiids  of  the  load  on  7  8  2;  that  is,  §   f  '  W  =  J  W;  and 
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this,  together  with  ^  W,  which  rests  diredUy  on  1,  makes  up  the 
load  of  ^  W,  already  mentioned. 

(3.)  Smaller  Secondary  Trusses  3  4  5, 9  10  2. — Each  of  the  points 

4  and  10  sustains  a  load  of  ^  W,  from  which  the  stresses  on  the 
bars  of  those  smaller  trusses  can  be  determined  as  follows : — 

One-half  of  the  load  on  4,  that  is,  -^^  W,  hangs  by  the  suspen- 
sion-rod 6  5'j  and  this,  together  with  J  W,  which  rests  directly  on 
6,  makes  up  the  load  of  ^  W  on  that  point,  formerly  mentioned. 
The  same  remarks  apply  to  the  suspension-rod  8  9. 

(4.)  Restdtarit  Stresses, — The  pull  between  5  and  9  is  the  sum  of 
those  due  to  the  primary  and  larger  secondary  trusses ;  that  between 

5  and  3,  and  between  9  and  2,  is  the  sum  of  the  pulls  due  to  the 
primary,  larger  secondary,  and  smaller  secondary  trusses;  that  is 
to  say, 

H  +  H'  =  -J^";  H  +  H'  +  H-  =  ?  J/; (4.) 

The  thrust  on  1  6  is  due  to  the  primary  tniss  alone ;  that  on  6  4 
to  the  primary  and  larger  secondary  truss;  that  on  4  3  to  the 
primary,  larger  secondaiy,  and  smaller  secondary  trusses;  and 
similarly  for  the  divisions  of  the  other  i-after. 

(5.)  General  Case, — Suppose  that  instead  of  only  three  divisions, 
there  are  n  divisions  in  each  of  the  rafters  1  3, 1  2,  of  fig.  78 ;  so  that 
besides  the  middle  suspension-rod  1  7,  there  are  n  —  2  suspension- 
rods  under  each  rafter,  or  2  r*  —  4  in  all ;  and  n  —  1  sloping- 
struts  under  each  rafter,  or  2  w  —  2  in  all.  There  will  thus  be 
2  n  —  1  centres  of  resistance ;  that  is,  the  ridge-joint  1  and  n  —  1 
on  each  rafter ;  and  the  load .  directly  supported  on  each  of  these 

W 

points  will  be  ^  . 

w 

The  total  load  on  the  ridge-joint  1,  will  be  as  before,  -^-;  that 

W  W  /  1\ 

is  to  say,  ^  directly  supported,   and    „-  (1 j  hung  by  the 

middle  suspension-rod. 

The  total  load  on  the  upper  joint  of  any  secondary  truss,  distant 

It  -^~  ffh  I*  1 
from  the  ridge-joint  by  m  divisions  of  the  rafter,  will  be, j 

W;  that  is  to  say,  „  -  directly  supported,  and  —   . W  hung 

by  a  suspension-rod. 


r 


VtOOT'TRVSSES,  473 


I 


The  stresses  on  the  stmts  and  tie  of  each  tmss^  primary  and 
eeoondary,  being  determined  as  in  Article  115^  are  to  be  combined 
as  in  the  preceding  examples. 

The  following  formulie  give  the  horizontal  stress  H.,  the  thrust 
along  the  rafter  T„,  and  the  thrust  along  the  strut  S..,  in  that 
secondary  tniRs  which  has  its  highest  point  at  m  divisions  of  tlie 
rafter  from  the  ridge-joint  :— 

W  c 

H.  =  - — i;  (being  the  same  for  each  secondary  truss);... (5.) 

'^-=v(Hi+s=r„\/G+>)4 ,, 

(also  the  same  for  each  secondary  truss.)         j 

S.  =  V^{HL+^-!,-(«-m)^}  =  ^g+(«_«)«).(7.) 

It  follows  that  the  total  tensions  on  the  several  divisions  of  the 
tie-rod  and  thrusts  on  the  several  divisions  of  the  rafters,  com-^ 
nencing  at  the  divisions  next  the  middle  suspending-rod,  are  as 

Mows  I  making  -^ ,-  =  H,  and       A  /  U^+llrr:  T,  as  in  the 
equations  1  j ; 

T;T(l  +  l);T(l+^);<fea,  .     .     .     T  •  ?i^\  (9.) 

In  timber  roofs,  instead  of  resisting  the  horizontal  thrust  of  such 
fitmts  as  4  5  and  9  10  by  means  of  tie-rods,  it  is  usual  to  make 
their  lower  ends  abut  against  a  horizontal  strut  or  straining-piece 
laid  on  the  top  of  the  main  tie-beam,  and  extending  from  5  to  9 ; 
the  object  being  to  give  transverse  strength  to  the  tie-beam.  In 
tbat  case  the  tension  is  uniform  along  the  whole  length  of  the  tie- 

beam,  being  H  • . 

IV.  Gothic  Roof- Trusses  belong  to  the  class  of  "  Open  Poly-^ 
gonal  Frames/'  already  mentioned  in  Article  117,  p.  179;  and  they 
exert  obh'que  thrust  against  the  walls  or  buttresses  which  support 
tbem.  The  framing  is  so  designed  as  to  make  the  horizontal  com- 
fontnt  of  that  thnist  as  small  as  possible. 
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Fig.  211. 


Fig.  212. 


Fig.  211  may  be  taken  as  an  example.     In  tbis  truss  B  0  and 

KCare  horizontal  tieSyeach  extending 
over  one-quarter  of  the  span,  and  £  F 
is  a  Bospending-pieoe ;  all  the  other 
pieces  are  struts.      The  stmts  A  O 
and  A'  C  are  carved  for  the  sake  of 
architectural    effect;    their    straight 
lines  of  resistance,  which  are  parallel 
to  the  rafters,  are  marked  by  dots. 
The  curved  pieces  C  F,  C  F,  are  mere 
stays,  to  provide  against  casual   ir- 
regularities of  the  load. 
The  lines  of  resistance  of  the  primary  truss  are  the  horizontal  line 
D  D',  and  the  dotted  lines  A  D,  A'  D'.     The  diagium  of  foro^  is 
formed  thus: — In  fig.  212,  draw  O  H  horizontal,  H  G 
vertical,  and  O  G  ||  A  D.     Take  H  G  to  represent  3-8ths 
of  the  weight  of  the  truss  with  its  load ;  then  will  O  H 
represent  the  horizontal  stress,  and  O  G  the  oblique 
thrust  exerted  along  D  A  against  the  abutment. 

The  dotted  line  D  A  is  the  line  of  resistance  of  a 
frame  or  compound  strut,  consisting  of  the  four  struts 
A  B,  A  C,  B  D,  and  C  D,  and  the  tie  B  C.     The  stresses 
on  these  pieces  are  represented  as  follows : — 

the  tension  on  B  C,  by  O  H  (fig.  212.) 

the  thrusts  along  B  D  and  A  0,  by  O  K  |l  B  D  ||  A  C;  (K  bisects 

HG); 
the  thrust  on  D  C  by  K  H  =  /^ths  of  gross  load; 
the  thrust  onBAbylj^KH  =  -^ths  of  gross  lotfuL 

BED'  forms  a  seooiidaiy  truss,  loaded  at  E  with  one-quarter  of 
the  gross  load ;  D  D'  is  the  tie  of  this  truss  as  well  as  the  straining 
piece  of  the  primaiy  truss;  and  the  tension  arising  from  the  action 
of  the  seoondaiy  truss  is  to  be  subtracted  from  the  thrust  due  to 
the  action  of  the  primary  truss,  to  find  the  resultant  thrust  along 
D  D',  which  is  thus  found  to  be  represented  by  |  O  H.  Tlie 
thrust  along  E  D  is  represented  by  ^  O  K. 

340.   Slreaftk  •€  Tle-BMiHis,  8tnil*Bca«ia,  «■«  B*M  amnib — Let 

H  be  the  greatest  direct  working  stress,  whether  tension  or  thrust, 
along  the  line  of  fesistanoe  of  a  given  piece  whose  breadth  is  b  and 
depth  A;  M  the  greatest  working  bending  moment,  whether  arising 
from  a  transverse  load,  or  from  the  neutral  axis  of  the  piece  not 
coinciding  with  the  line  of  resistance  (in  which  latter  case  M  =  H 
X  greatest  distance  of  the  neutral  axis  from  the  line  of  resistance); 
f  the  greatest  safe  working  intensity  of  stress;  then, 
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and  if  h  has  been  fixed  beforehand,  b  is  given  hy  tbe  formula 

^=u+-i«-)-^-^- <^) 

As  already  stated,  y*  =  1,000  lbs.  per  square  inch  in  ordinary 


341.  BrMae-TnMmw. — ^A  bridge-truBB  is  usnallj  one  of  two  or 
moie  parallel  fxames  of  carpentry,  which  act  as  girders,  in  support- 
ing the  crosB-beams  or  joists  of  the  platform  of  a  bridge.     (Article 
336,  p^  465.)    The  principal  stitits  which  it  contains  may  spring 
citluer  from  a  tie-beam,  like  the  rafter  of  a  roof,  from  iron  sockets 
connected  by  means  of  a  tie-rod,  or  from  suitable  piers  and  abut- 
ments of  timber  or  stone.     The  most  usual  elementary  figures  of 
bridge-trusses  are,  like  those  of  roof-trusses,  the  triangle  (fig.  207), 
and  the  trapezoid  {^g,  209);  and  the  principles  of  their  stability 
and  equilibrium  are  ^e  same,  except  that  in  a  bridge-truss,  special 
pcovision  must  be  made  for  the  unequal  distribution  of  the  load, 
both  transversely  and  longitudinally. 

L  Load  Unequal  Transveraeiy. — This  case  occurs  chiefly  in 
bridges  for  double  lines  of  railway,  when  one  track  is  loaded  and 
the  other  unloaded  The  proportions  in  which  the  rolling  load  is 
distributed  over  the  girders,  when  there  are  only  two  of  them,  is 
Bimply  the  inverse  ratio  of  the  horizontal  distances  of  its  centre  of 
gravity  from  the  two  girders  (Article  112,  p.  174);  but  there  are 
often  more  than  two  girders,  most  frequently  four;  and  then,  in 
ord^  to  determine  the  proportions  in  which  the  load  is  distributed 
over  them,  the  assumption  is  made  that  the  cross-beams  remain 
aensibly  straight;  so  that  the  difference  between  the  deflections  of 
any  two  of  the  girders,  and  consequently  the  difference  between  the 
aliiireB  of  the  load  borne  by  them,  is  proportional  simply  to  the 
distance  between  them. 

To  illustrate  the  application  of  this,  let  the  girders,  and  the 
rolling  load  which  by  means  of  a  cross-beam  is  made  to  rest  on 
them,  be  arranged  in  cross-section  as  follows : — 

W 
A        B      O      C        D 

'W  denotes  the  position  of  the  centre  of  gravity  of  the  rolling  load ; 
0  the  centre  line  of  the  platform;  A,  B,  C,  D,  the  four  girders. 

Then, 
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the  mtan  share  of  the  rolling  load  borne  by  eacb  girder  will  be 
W'-j-4. 

To  fiud  the  deviations  from  that  mean  share,  let 

OBsrs^;  O  A=«2;  0  0  =  — «i;  0D  =  — s^; 

and  let  the  horizontal  distance  from  O  to  W  be  % 

The  deviation  from  the  mean  of  the  load  on  any  girder  whose 
distance  from  the  centre  line  is  z  most  heaz;  a  being  a  co-efficient 
to  be  determined  by  the  condition  that  the  moment  of  W  relatively 
to  O  is  equal  and  opposite  to  the  sum  of  the  moments  of  the  resLst- 
ances  of  the  beams  relatively  to  the  same  axis.  This  condition, 
expressed  in  symbols,  gives  W'  a^^  =  2  a  («f  +  2^;  whence 


a  = 


W'Zr 


"»  /  •  i'^-stJ  and  the  shares  of  the  rollinsr  load  on  the  four 
girders  are  as  follows : — 


A       W' 

on  A;  — 


on 


on  B; 
on  C; 


W 

4 

W 
'4' 


....(1.) 


When  the  share  of  the  load  on  D,  as  often  happens,  proves  to  be 
negative,  it  shows  that  the  girder  furthest  from  the  loaded  track  is 
pulled  ujywarda  by  the  platform. 

As  a  numerical  example,  let  the  bridge  be  one  under  an  ordinary 
narrow  gauge  railway,  and  let  the  four  girders  be  exactly  under  the 
four  rails  respectively;  so  that  we  may  make,  with  sufficient  ac- 
curacy for  the  present  purpose, 

arj  =  3  feet;  z^=i^  feet;  Zq  =  5\  feet; 


then. 


load  on  A  =  W  Q  +  ^^ \  =+  -551 W 


a 


If 
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These  results  have  been  veniied  by  careful  experiments  on  a 
great-  scale. 

Tbe  most  important  of  them  practically  is  the  share  of  the  load 
on  A,  being  tbe  greatest  share.  In  order  to  aiTange  the  girders 
&D  that  this  share  shall  not  exceed  one-half j  the  following  equation 
should  be  fulfilled : — 

af  =  2;2ro  5^5-4 (2.) 

For  example,  let  z^  =:  5^  feet;  «,  =  10  feet;  then  z^=s  ij  \(i 
=  3-16  feet 

IL  Load  Unequal  Longiitidinallf/. — ^This  sort  of  inequality  must 
be  provided  for  in  every  case  in  which  the  figure  of  the  truss  has 
more  sides  than  three. 

The  most  important  example  in  practice  is  that  of  the  trapezoidal 
truss,  whether  springing  from  a  tie-beAm,  as  in  fig.  209,  p.  470,  or 
from  a  pair  of  abutments,  or  fifom  sockets  connected  by  means  of  a 
tie-rod. 

There  are  two  means  of  enabling  the  truss  to  resist  a  partial 
load:  by  the  stiffiiess  of  a  longitudinal  beam,  and  by  diagonal 
btadng. 

The  longitudinal  beam  is  either  the  tie-beam,  or,  in  the  absence  of 
a  tie-beam,  a  beam  resting  on  the  top* of  the  truss,  and  bolted  to 
the  straining-piece  F  in  the  figure. 

Let  c  denote  the  half-span  of  the  truss ;  x,  the  distance  of  the 
poiuts  4  and  1  from  the  middle  of  the  truss. 

Let  a  partial  load  W'  be  applied  at  one  of  these  points,  the 
other  being  unloaded  Then  the  longitudinal  beam  has  to  resist  a 
bending  action,  which  is  greatest  at  the  loaded  point  and  at  the 
unloaded  point,  producing  convexity  downwards  at  the  loaded 
point,  and  upwards  at  the  unloaded  point :  the  bending  moment 
has  the  foUowing  value : — 

M'  =  ^(*p5); (3.) 

and  the  stress  produced  by  it  must  be  taken  into  account  in  fixing 
the  dimensions  of  the  longitudinal  beam.    For  example,  if  a;  =  c  -s- 

3,  M'  =  W  c  -f-  9. 

To  provide  resistance  to  a  partial  load  by  diagonal  bracing,  there 
should  be  two  diagonal  struts,  in  the  positions  shown  by  the  dotted 
lilies  4  5  and  6  1  in  ^g,  209 ;  4  5  to  act  when  the  partial  load  is  on 

4,  and  6  1  when  the  partial  load  is  on  1 .  The  greatest  thrust  S 
along  either  of  them  is  given  by  the  following  formula: — ^Let  k  be  the 
depth  of  the  truss,  from  the  centre  line  of  F  to  the  centre  line  of  B. 

^  S  =  W  "-J  ■  ^I^+F. ..., (4.) 
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342.  c««vM«dl  Brtd«e.TnM«.  (i.  if.,  160.)— The  general 
nature  of  a  compound  truss  has  been  explained  in  Article  121, 
p.  184.  Fig.  213  is  a  skeleton  diagram  of  a  compound  timber 
bridge-truss,  on  the  principle  of  those  of  the  celebrated  bzidgo 
of  Schaffhauaen. 


^ 

4 

t 

a 

1          • 

::^' — 9 

"^^^ 

^ix 

tmt 

s^s- 

=*^^* 
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i     i 

'                1 

1 

I    w 

Fig.  218 

It  consists  of  four  elementaiy  trusses^  viz. : — 

12  3  4  loaded  at  2  and  8, 
15  6  4        „        5    y^    6f 
17  84        „       7    „    8, 
19  4        „       9; 


t         »       3        U 

/7X 

XX 

X 

X 

\ 

6 

Fig.  214. 


but  all  those  trusses  have  the  same  tie-beam,  1  4;  and  the  pull 
along  that  tie-beam  is  the  sum  of  the  pulls  due  to  the  four  trasses. 
The  vertical  lines  represent  suspending-pieces,  from  whidi  the 
tie-beam  is  hung.     The  tie-beam  supports  the  cross-beams  of  the 
platform. 

An  arrangement  of  stmts  similar  to  that  in  the  figure,  but 
without  the  tie-beam  or  suspending-pieces,  and  supporting  the 

platform  above,  is  often  nacd 
for  timber  bridges  with  abut- 
ments. Stay-pieces,  how- 
ever, are  required,  nearij 
in  the  position  of  the  upper 
parts  of   the  suspending-pieces  in  the  figure,  to  give  sufficient 

stifihess  to  the  struts. 

343.  1»l«s«millr-bnu*e4    Girders  —  This    sort     of 

girder,  of  which  fig.  214  is  a  skeleton  diagram, 
was  first  introduced  in  America  bj  Mr.  Howe. 
The  two  horizontal  bars,  or  "  booms,"  resist  the 
bending  moment  of  the  load;  thej  are  made  of 
layers  of  planks  set  on  edge,  and  bolted  together  so 
as  to  break  joint,  as  in  tlie  built  ribs  of  Article 
333,  p.  464.  The  shearing  action  of  the  load  is 
resisted  by  the  vertical  suspending-pieces  (which 
are  iron  rods),  and  the  diagonal  timber  struts, 
which  abut  into  iron  sockets,  as  shown  on  a  larger 
scale  in  ^g.  215.     In  the  latter  figure  A  is  the 


--^=>- 

^ 


V 


Fig.  215. 
upper  or  compressed  boom,  and  B  the  lower  or  extended  boom;  C, 
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a  sospending-rod ;  D,  d,  starnts  sloping  up  tawardu  the  middle  of 
the  ^D,  and  indicated  by  plain  lines  in  fig.  214;  £,  e,  struts 
sloping  up  towards  the  nearest  point  of  support^  and  indicated  by 
dotted  lines  in  fig.  214. 

The  diagonals  shown  by  fuD  lines  are  all  that  would  be  required 
if  the  load  were  always  uniformly  distributed  over  the  girder. 
Those  shown  by  dots  are  necessary  in  order  to  resist  travelling 
loads. 

The  actions  of  the  load  on  this  gixd^  are  computed  by  the  method 
already  explained  in  Article  160,  pp.  230  to  243,  as  applied  to  a 
beam  loaded  at  detached  points.  The  formula  for  the  bending 
moment  at  any  cross-section  has  already  been  given  in  Artide  161, 
Case  YIIL,  p.  247.  In  computing  the  shearing  force,  regard  must 
be  had  to  the  action  of  a  travelling  load,  as  explained  in  Article 
161,  Case  IX.,  pp.  247,  248. 

The  follow!^  are  the  most  convenient  formuloi  in  practice. 
One  of  the  points  of  support  being  numbered  0,  the  joints  of  the 
upper  boom  are  to  be  numbered  consecutively  fxom,  that  end  of  the 
^i^v  towards  tike  middle,  as  in  fig.  214 : — 

I^  n  denote  the  number  of  any  joint,  and  N  the  total  number 
of  diYiflions  in  the  beam.  (In  the  figure  N  =:  8;  and  for  the 
middle  joint,  n  =  4.     When  N  is  odd,  there  is  no  middle  jcnnt.) 

I^  k  denote  the  height  of  the  girder,  measured  from  oeatre  to 
centre  of  the  horizontal  booms; 

^  its  span ;  so  that  /  -i-  N  is  the  length  of  a  division ; 

t,  the  length  of  a  diagonal,  measured  along  its  line  of  resLstanoe, 

%  the  uniform  steady  load  upon  each  joint; 
^>  the  greatest  travelling  load  upon  each  joint. 

The  divifflons  of  the  horizontal  booms  are  to  be  numbered  1,  2, 
^1 4,  from  the  ends  towards  the  middle ;  so  that  in  fig.  214,  Division 
^0. 1  of  the  upper  boom  lies  between  1  and  2;  Division  Na  1  of 
^  lower  boom  lies  between  0  and  the  snsi>ending-rod  1,  d^c. 

^xuspending-rods  and  diagonals  are  designated  by  the  number  of 
iiie  joint  where  their  upper  ends  meet;  thus,  in  ^g.  215,  if  n  be  the 
nniober  of  the  rod  O,  it  is  also  the  number  of  the  larger  diagonal 
^>  and  the  smaller  diagonal  £;  while  the  number  of  ej  is  n  +  1,  and 
*^  of  «,»-). 

^  H.  be  the  thrust  and  tension  along  the  divisions  n  of  the 
^per  and  lower  booms ; 
^w  the  tension  on  the  vertical  rod  n ; 
\  the  thrust  on  the  large  diagonal  »; 
'■}  the  thrust  on  the  small  diagonal  rh. 
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Then 

^~       k  2N     ' ^^-^ 

V,  (when  the  platform  is  hung  from  the  girder,  for  all  except  the 

'AA^        A\         /"N  +  l       \           (N~n)(N-n+l)       ,^ , 
middle  rod)  =  w  (  — ^ nj  +  uy  •  ^^ ^^  ^ ^;--(2.) 

V  (when  the  platform  is  hung  from  the  girder^  for  the  middle 
«>d)  =  «.+  J'  -(l  +  l) (3.) 

(When  the  platform  rests  on  the  top  of  the  girder,  subtract  to-i-w 
from  each  of  the  above  values  of  Y.)* 

w,/^  +  l       \     «,«.(y-n)-(N-n+l). 
^'-k\    2       V     ~J^  2N  ' ^*-' 

«>«/N  — 1       \     to' a  n-(n+l\  ._. 

'•=  —k-\r2—v  ^  X  •  -iw'- <^-) 

When  the  last  formula  (5)  gives  a  null  or  n^ative  resnlt,  it 
shows  that  the  smaller  diagonal  in  the  division  in  question  is  un- 
necessary. 

A  common  inclination  for  the  diagonals  is  45^;  the  correspond- 
ing value  of  8  '^k  is  1*414,  and  that  of  Z  ^  A;  is  N.* 

The  following  is  a  numerical  example : — 

Span  80  feet,  in  eight  equal  divisions;  that  is,2  =  80;  N  =  8. 
*=  10  feet;  «=-- 1414  feet. 
«?  =  5000  lbs.;  w'  =  10,000  lbs. 

Platform  himg  below  girder. 

n  H  V  T  t 

lbs.  lbs.  lbs.  lbs. 

1  52*500        52,500        74,235        negative. 

2  90,000         38,750         54,792         n^ative; 

3  112,500         26,250         37,^28         7,070 

4  120,000         17,500         21,210 

The  last  column  shows  that,  in  the  example  chosen,  the  dotted 
diagonals  are  required  in  the  two  middle  divisions  only. 

The  value  of  H  for  n  =  4  applies  to  the  lower  boom  alone,  as  the 
upper  boom  has  only  three  divisions  on  each  side  of  the  middle. 

344.  i^autcc-work  Girden  of  timber  were  first  introduced  by  Mr. 
Ithiel  Towne.  The  lattice-work  consists  of  planks  inclined  at 
40°  to  the  horizon,  pinned  together  with  treenails. 

*  See  page  493. 
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A  Iftttioe  girder,  even  vithont  horizontal  booms  (aa  in  fig.  216), 
is  (^pable  of  sapportdng  a  certain  load,  provided  its  ends  are  made 
hst  to  stable  piers;  and,  nnder  these  circumstances,  its  moment 
uf  reaistanoe  at  any  cross-section  is  simplj  the 
earn  of  the  moments  of  resistance  of  the  planks 
intenected  by  that  cross-section.  But  this 
mode  of  construction  is  un&rVourable  both  to 
economy  aud  to  stiffiiess.  When  horizontal 
booms  are  bolted  to  the  lattice-work  at  its  upper 
and  lower  edges,  they  may  be  considered,  without 
araisible  error,  as  sustaining  all  the  bending  mo- 
ment^ like  those  in  the  example  of  the  last  article;  while  the 
lattice-^work  bears  the  shearing  action  of  the  load,  distributed  with 
aj^noximate  uniformity  amongst  the  bars  or  planka 

545.  ViHibar  AichM. — ^When  a  timber  arch  is  exactly  or  nearly 
of  the  fonn  of  an  equilibrated  rib  of  uniform  strength  under  the 
steady  part  of  its  load,  and  is  subject  besides  to  a  rolling  load,  its 
Btengtih  is  to  be  computed  according  to  the  methods  of  Article 
180,  ppu  296  to  314. 

The  usual  form  for  timber  arches  is  a  segment  of  a  circle;  but 
the  formulae  for  a  parabolic  rib  may  be  used  in  practice  without 
material  error.  In  almost  eveiy  case  the  rib  may  be  considered 
Majixed  in  direction  at  the  wida;  so  that  if  the  abutments  are 
immoreable,  the  formidse  to  be  employed  will  be  those  of  Problem 
IT.,  equations  30  to  38  b,  pp^  305  to  308;  and  if  the  abutments 
are  sensibly  moveable,  equation  40,  p.  308,  is  to  be  used  instead  of 
equation  30. 

In  designing  a  timber  arch,  the  greatest  working  deflection 
should  be  computed  by  the  equation  61  of  Article  180,  p.  313;  and 
the  pieces  of  timber  in  the  arch  and  superstructure  should  be  pro- 
portioned as  if  the  platform  were  to  have  an  upward  convexity  or 
"camber,**  with  a  rise  in  the  centre  of  the  span  equal  to  the 
calculated  deflection.  The  result  will  be,  that  the  platform  will 
become  horizontal,  or  nearly  so,  when  fully  loaded. 

Semicircular  timber  ribs  are  now  often  employed  to  support 
roofe,  for  the  sake  of  architectural  appearanoa  In  fig.  217^  let 
A  C  B  be  a  quadrant  of  such  a  rib,  under  a  load  ^ 

Tmi£[>rmly  distributed  horizontally,  O  being  its^j*  /!^ 
centra  Draw  B  D  and  A  I>  tangents  to  the 
neutral  layer  at  the  springing  and  at  the  crown; 
bisect  A  I)  in  E;  then,  if  the  arch  be  jointed 
or  hinged  at  A  and  B,  E  B  will  be  the  direction 
of  the  thrust  at  B;  and  its  horizontal  com- 
ponent will  be  half  the  load  on  the  quadrant; 
thatifi^ 

2i 


Fig.  217, 
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H  =  *'2-; a) 

r  being  the  radios  0  A,  and  w  the  load  per  lineal  nnit  of  spui. 
The  greatest  bending  moment,  on  the  same  supposition,  occurs  at 
G,  30^  above  the  springing.  That  moment  tends  to  make  cwroaiure 
sharper  at  that  point;  and  its  value  is 

¥  =  ^. (2.) 

The  value  of  the  direct  thrust  at  0  is  H,  as  given  by  equatioo  1. 
By  the  use  of  these  values  in  the  formula  of  Article  340,  p.  47>>, 
the  proper  scantling  for  the  rib  may  be  computed.  The  soppo8iti(»n 
of  the  rib  being  hinged  at  A  and  B  is  not  perfectly  realized  iu 
practice ;  but  it  will  not  lead  to  any  error  of  importance. 

346.  TiMker  ByJrtlfc — ^When  timber 
arches  support  a  level  platform,  each 
spandril  in  general  contains  a  series  of 
upright  posts  for  transmitting  the  lotMi 
from  the  platform  to  the  arch.  A  hori- 
zontal beam  on  the  top  of  each  row  oi 
F?g.  218.  posts  should  have  strength  and  stiffiiess 

sufficient  to  resist  the  load  between  each  pair  of  posts. 

To  stiffen  the  frame  transversely,  the  posts  which  stand  side  b? 
side  should  have  diagonal  braces  between  them ;  the  smallest  tiuDs- 
verse  dimension  of  any  brace  not  being  less  than  about  one-tweDtieth 
part  of  its  length. 

To  stiffen  the  frame  longitudinally,  diagonal  braces  may  be 
placed  as  in  fig.  218.  To  find  the  stress  which  any  one  of  those 
diagonal  braces  should  be  capable  of  resisting  with  safety,  let  the 
upright  posts  be  numbered  from  one  end  of  the  arch  to  the  mddk, 
0,  1,  2,  3,  <fec.  (like  t^e  suspending^rods  in  Article  343).     Let 

N  be  the  total  number  of  longitudinal  divisions  in  the  platform. 
n  and  »  +  1,  the  numbers  of  the  posts  between  which  a  given 

diagonal  brace  is  situated. 
8f  its  length,  and  k  the  difference  of  level  of  its  ends. 
u/f  the  greatest  travelling  load  on  one  post. 
T,  the  greatest  amount  of  thnust  along  the  diagonal;  then 

w/*    n  (n  +  1)  «) 

For  the  diagonals  between  0  and  1,  indicated  by  dots  in  t2i6 
figure,  this  expression  is  =  0 ;  but  nevei*theless  a  pair  of  diagoiuils 
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i»a J  lie  placed  there,  of  tiie  same  size  with  the  smallest  of  those 
between  1  and  2,  in  order  to  give  additional  stiffness. 

It  is  possible  that  when  the  arch  is  partially  loaded  with  a 
ttarelling  load,  some  of  the  upright  pieces  which,  when  the  load  ia 
miifonn,  are  posts,  may  have  to  act  oceasionallj  as  suspending- 
pi'eoea  To  find  whether  this  is  the  case  for  any  given  upright 
piece,  let  n  be  its  number,  and  vf  the  dead  load  resting  upon  it; 
then  oompate  the  value  of  ike  following  expression : — 

V  =  «<.5-y^-»-; (2.) 

and  if  this  is  positiye,  it  will  give  the  greatest  tension  on  the 
upright;  if  null  or  negative,  it  will  show  that  the  upright  acts 
always  as  a  stmt  or  post,  and  never  as  a  suspending-piece  or  tie. 

Another  mode  of  construction  is  to  make  all  the  diagonals  iron 
tie-boltsL  In  this  case  equation  1  will  give  the  greatest  tension  on 
i-nj  given  bolt.  The  uprights  will  always  act  as  posts,  and  the 
greatest  load  on  each  will  be  given  by  the  following  formidsB : — 


y,^«^  +  ^|l+«>-J)} (3.) 


S47.  TlMkor  B«wBiriBs  CHr««r.  (Fig.  219.) — In  a  girder  of  this 
kind,  a  timber  arch  springs  &om  a  tie- 
Ij^m,  which  supports  the  crofis-beams  of 
the  platform,  and  is  hung  from  the  arch  at 
intervals  by  vertical  suspending-pieces  or 
rods,  with  diagonal  braces  between  them.  Fig.  219. 

The  tie-beam  has  to  bear  at  once  a  ten- 
don equal  to  the  horizontal  thrust  of  the  arch,  and  a  bending  action 
doe  to  the  load  supported  on  it  between  a  pair  of  suspending-pieces ; 
uid  its  strength  depends  on  the  principles  explained  in  Article  340, 
p.  474. 

The  greatest  tension  on  any  suspending-piece  is  to  be  found  by 
means  of  equation  3  of  Article  346,  above. 

The  greatest  thrust  along  any  diagonal  is  to  be  found  by  meins 
of  equation  1  of  the  same  Article,  p.  482. 

The  horizontal  tie  of  a  timber  bowstring  girder  should  never  be 
made  of  iron,  as  its  expansion  and  contraction  would  strain  and  at 
length  destroy  the  timber  arch. 

343.  Ttmher  Pien.^ — A  timber  pier  for  supporting  arches  or 
qiiders  may  consist  of  any  convenient  number  of  posts,  either 
vertical  or  slightly  raking,  and  connected  together  by  horizontal 
and  diagonal  braces. 

fiich  poet  should  be  braced  at  every  point  whfere  there  is  a  joint  in 
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it,  and  at  additional  points  if  neoessaiy,  in  order  that  the  diatsnoe 
between  the  braced  points  may  not  be  less  than  about  18  or  20 
times  the  diameter  of  the  post.  (As  to  lengthening  posts,  see 
Article  315,  p.  466.^ 

Should  the  pier  have  lateral  thrust  to  bear,  whether  fiom  the 
action  of  the  wind  or  from  that  of  the  load  upon  the  super- 
structure, the  following  principles  are  to  be  attended  to : — 

L  The  posts  at  the  base  of  the  pier  should,  if  possible,  spread  to 
such  a  distance  from  each  other  that  the  lateral  throst  may  cause 
no  tension  on  any  one  of  them.  For  example,  conceive  a  pier  of  a 
timber  viaduct  to  consist  of  two  parallel  rows  of  posts;  let  the 
greatest  horizontal  thrust  in  a  dir^^on  perpendicular  to  the  rows 
be  H,  acting  at  the  height  Y  above  the  ba!se  of  the  pier,  so  that 
H  Y  is  its  moment ;  let  W  be  the  gross  vertical  load  of  the  pier,  and 
B  the  required  distance  from  centre  to  centre  between  the  two 
rows  of  posts  at  the  base  of  the  pier;  then  make 

B  =  ?|-'^; (1.) 

and  there  will  never  be  tension  on  any  of  the  posts.  If  this 
arrangement  be  made,  the  whole  load  W  will  be  conoentxatod  on 
one  row  of  posts  when  the  greatest  thrust  acts.  In  other  case^, 
the  load  on  the  row  of  posts  furthest  from  the  side  of  the  pier  ou 
which  the  thrust  acts  will  be, 

Z  +  HY 

If  the  pier  consists  of  more  than  two  rows  of  posts,  let  n  denote 
the  number  of  rows,  and  let  them  be  equidistant  from  each  other, 
B  being  still  the  distance  from  centre  to  centre  of  the  outside  row& 
Let  P  denote  the  share  of  the  load  which  rests  on  the  row  of  poe>tj} 
furthest  from  the  side  the  thrust  is  applied  to,  and  P'  the  diare 
which  rests  on  the  row  nearest  that  side.     Then 

W  HY(n-l)« 

n  ^b{(»— l)2  +  (n  — 3)2  +  &a}-' ^  ' 

P_W  HY(n-l)« 

~  n  ~  B  {(«  -  If  +  (n  -  3)«  +  Sx.) ' ^' 

the  series  in  the  denominator  of  the  second  term  being  carried  on  as 
long  as  the  numbers  in  the  brackets  are  positive. 


TIMBER  ?ICB8— OENTKXS  FOB  ABCHE3.  iBS 

The  beit  valne  for  B  is  found  l:^  making  F  =:  0;  that  is  to  Bay, 


Wi(„_l)i  +  („_3)«  +  4cK- 

w 

which  case. 

2W 

(«■) 

IL  Hie  hoiiaontal  and  diagonal  biacea  an  to  be  calculated  to 
nnst  ^e  horizontal  thrust,  in  the  aame  manner  that  the  auspend- 
ing-pieces  and  diagonal  stnits  of  s  diagonally-braced  girder  are 
calculated  to  reeiEt  the  ehearing  etreea,  suppoung  that  ahetuing 
stress  to  be  the  aame  at  all  points  of  the  girder,  and  =  H. 


Wig.  saO.— [Fom^e  BiUfst  over  tbe  Qbwm  BItb,  from  >  Pbotognph.] 

349.  OcaMM  tir  ATBhsa. — The  UBS  and  general  construction  of 
centres  for  archea  have  already  been  explained  in  Article  279, 
p.  415.  The  present  article  rdatee  to  the  figure  and  Btrength  of 
the  ribe  or  feamea  which  support  the  laggings. 

1  AcnoiT  or  Load  oh  Centbx. — ^The  building  of  the  arch 
shoald  be  carried  np  simultaneonely  at  the  two  sidea  of  the 
centot^  so  that  the  load  on  the  centre  may  never  be  sensibly 
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muymmetricaL  The  loading  of  the  centre  will  thiiB  advance 
from  both  ends  towards  the  middle;  and  its  most  severe  actioa, 
whether  compreasive,  ahearingy  or  bending,  will  take  place  just 
before  the  key-stones  are  driven  into  their  places. 

If  there  were  no  friction  between  the  arch-stones,  the  load  upon 
the  centre  could  be  computed  exactly.  The  friction  between  them 
renders  all  formul»  for  that  purpose  uncertain. 

It  is  usually  stated  that  the  arch-stones  do  not  begin  to  press 
against  the  centre  until  courses  are  laid  the  slope  of  who«e  beds  is 
steeper  than  the  angle  of  repose;  that  is  to  say,  finom  25°  to  35^,  or 
on  an  average,  about  30°;  but  in  order  that  this  may  be  true,  the 
lower  part  of  the  arch  must  be  so  thick  as  to  have  no  tendency  to 
upset  inwards,  A  thickness  equal  to  about  one-tenth  of  the 
radius  of  curvature  of  the  intrados  is  in  general  sufficient  for  that 
purpose;  but  still  any  accidental  disturbance  of  the  arch-stoues 
may  make  them  press  against  the  centre. 

Each  successive  course  of  ai*ch-stones  that  is  laid  causes  ^le 
pressure  exerted  by  the  previous  courses  against  the  centre  to 
diminish;  and  when  a  semicircular  arch  is  completed  all  b«xt  tiie 
key-stone,  the  stones  whose  beds  slope  less  steq[kly  than  30^  liav« 
ceased  to  press  against  the  centre,  and  that  evea  although  there 
should  be  no  friction.  In  fact,  when  the  load  on  the  centre  reaches 
its  greatest  amount,  its  action  is  nearly  the  same  whether  Mctioti 
operates  sensibly  or  not;  and  considering  this  £aot»  and  also  die 
fact  that  any  errors  in  calculation  caused  by  neglecting  the  fiictkm 
of  the  stones  on  each  other  must  be  on  the  side  of  safety,  it  appears 
that  for  practical  purposes  it  is  sufficient  to  calculate  the  load  on  a 
centre  as  if  the  friction  between  the  stones  were  insensibie. 
The  following  are  the  results : — 

(1.)  General  Case. — Let  w  denote  the  weight  per  Utmi/pfi  fffke 
intrados  of  the  arch  resting  on  a  given  rib  of  a  centra. 

Let  the  co-ordinates  of  ioy  p<Hiit  (siidi  as 
D,  fig.  221)  in  the  intrados  be  mmmsred 
from  its  highest  point  A;  m  being  aMasorBd 
horizontaUy,  and  y  vertically  downwarda. 

Let  Xq  and  y^  be  the  o(H>rdinaiei  of  the 
point  C. 

Let  r  be  the  radius  of  curvature  of  the 
intrados  at  the  point  D, 

0,  its  inclination  to  the  horiaon. 
jt>,  the  normal  pressure  against  the  rib 
at  the  point  D,  per  lineal  foot  of  intrados; 
Fig.  2^1.  then,  friction  being  insensible, 


s 


=■  s 


w  '  cos 


'-r/>''y' ^^i 
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axLi]  l3ie  greatest  value  of  this  is 

fO  *  cos  ^.   (1  A.) 

J^et  P  be  the  total  vertical  load  arising  ^m  the  pressure  of  the 
arcli-fitonee  on  the  rib  between  C  and  D ;  then 


P 


=  /ll><^«> (2.) 

aod  tlie  yalue  of  this^  when  the  arch  is  complete  all  but  the  key- 
fitcmey  18 

Pi=/^><^a  (making  yo  =  0); (2jl) 

x^  being  the  horiaontal  distance  from  the  middle  of  the  span  to 
a  point  for  which  p  =  0, 

If  the  rib,  instead  of  resting  on  a  series  of  posts,  as  in  fig.  221,  is 
supported  <u  a  gvrdtr  on  the  abutments  or  piers  of  the  arch,  or  on 
timber  piers  of  its  own, 

Let  c  be  the  half-span  of  that  girder; 

M,  the  moment  of  flexure  in  the  middle  of  the  span;  then 

M  =  P  c  —  /"^|> «  rf«; (3.) 

and  the  greatest  yalue  of  this  is 

M^  =  TiC  —  j'^pxdx  (for  y^  =  0) (3  A-) 

Formula  1  a.  serves  to  compute  the  greatest  load  to  be  borne  by 
the  laggings  or  hclHers;  equation  2  serves  to  compute  the  load  on 
any  vertical  post,  or  the  vertical  component  of  the  load  on  any  given 
had&^pieoSy  or  segment  of  the  rib  immediately  under  the  lag^gs; 
and  the  total  transverse  load  on  such  a  piece  is 

Psec^. (4.) 

4  being  its  inclination  to  the  horizon. 

Equation  2  a.  gives  the  greatest  vertical  load  on  each  half  of 
the  rib,  and  serves  to  compute  the  total  strength  required  for  its 
votical  supports ;  and  equation  3  a  serves  to  compute  the  strength 
required  if  the  rib  acts  as  a  girder. 

(2.)  Circular  Arch  not  excSsdmg  120^. — ^In  an  arch  with  a  circular 
intiadoa^  we  hare — 

X  =rsin^;y  =sr(l — oos^^; 

a^  =  r  sin  ^0;  yo  =  *•  (1  —  «»  V' 
«i  =  r  sin  ^1;  yi  s=  r  (1  —  cos  ^^; 
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Lei  8,  8^  «|,  denote  lengths  of  arcs  measured  from  A  in  feet 
Let  the  weight  per  foot  of  intrados  w  be  constant.     Then  the 
normal  pressore  per  foot  of  intradoe  is 

1>  =  10  (2  008  I  —  oofl  ^o)  =  «> '  !LZlly±i?o^ (5) 

and  its  greatest  value  for  a  given  pointy 

WOOBi=zW  * {5  a.) 

The  vertical  load  between  C  and  D  is 

F  =stor\^  —  $Q  —  sinl (cos  ^^  —  cos  ^)  > 


....(6.) 


which,  when  the  load  is  complete  up  to  A,  and  D  iaaithe  spring' 
ing,  becomes 

Pj  r=  to r  I ^1  — sin ^1  (1  —  cos  ^i)  1  =  to |«i  —  ^^\.(6a.) 

in  which  last  expression,  the  load  on  the  half-rib  is  given  in  terms 
of  its  length,  9^,  its  half-span,  a;^,  and  its  rise,  y^. 

The  greatest  moment  of  flexure,  Mj^,  on  a  girder-rib  of  the  half- 
span  c,  is  as  follows : — 


_«/-,     c»iyi    *•*    (*•— yi)' .  2(*-— yiVl 


("•) 


In  employing  these  formulsB,  it  may  often  be  convenient  to  use 
the  following  expressions  for  computing  the  radius  r  and  length  s 
of  any  given  arc  from  its  half-span  x  and  rise  y : — 

r  =  (y  +  ^+3;.  =  .,(l+||_|^)ne«:ly.    (&) 

The  load  on  any  arc  of  the  lib  may  be  represented  graphically  in 
the  following  manner : — 

In  fig.  222,  let  A  B  be  a  quadrant,  described  about  0  with  a  radius 
representing  that  of  the  intrados.  Let  C  be  the  point  up  to  which 
the  arch  has  been  buUtj  and  D  any  other  point  in  the  intradoa 
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IP        o 
Fig.  228. 


ConoeivQ  that  the  half  of  the  radius  A  O  repreaentB  u^,  the 
▼eight  per  foot  of  intradoB. 

From  C  draw  C  E  ||  A  O;  bisect  C  E  in  F,  from  which  diuw 
F  H  II  O  B;  dmw  D  G  ||A  O; 
Uien  will  1)  G  represent  the  normal 
presBore  on  each  lineal  foot  of  the 
rib  at  the  point  D ;  and  the  shaded 
area  C  D  G  F  will  represent  the 
vertical  component  of  the  load  on 
the  lib  between  C  and  D,  both  in  '^^  «22. 

amoimt  and  in  distribution ;  that  is  to  say, 

4  AO:to::DG:p 

: :  C  D  G  F  :  P. 

The  point  H  is  that  below  which  the  arch-stones  cease  to  press 
on  the  rib,  when  the  arch  has  been  built  up  to  the  point  C. 

The  case  in  which  the  rib  is  completely  loaded,  the  arch  being 
finished  all  but  the  key-stone,  is  represented  by  fig.  223.  Bisect 
the  vertical  radios  A  O  in  K,  and  conceive  A  K  to  represent  w ; 
draw  K  L II O  B ;  L  will  be  a  point  below  which  the  stones  do  not 
press  oti  the  rib  (supposing  the  arch  to  extend  so  far);  and  at  that 
point  ^  =  60^  Let  D  be  any  point  in  the  intrados;  draw  D  M  || 
AO;  then 

A  K  :  to  :  :  D  M  :  ^ 

:  :  ADMK  :P; 

and  if  D  is  the  ipringing  of  the  arch,  ADMK  represents  the 
vertical  load  on  the  half  rib,  P^.  If  the  arrow  P  in  the  figure 
represents  the  position  of  one  of  the  two  supports  of  a  girder  rib, 
0  P  =  c  in  equation  7. 

(3.)  Circular  Arch  ^120**  and  upwards. — Because  the  arch-stones 
below  the  point  where  the  inclination  of  the  intrados  to  the  horizon 
is  60^,  do  not  press  upon  the  rib  when  the  load  is  complete,  the 
^ue  of  Pj  for  ^j  =  60®  applies  also  to  all  greater  values  of  4^ ;  it 
being  understood  that  in  every  such  case  we  are  to  make 

«!=  '\/|-r  =  -866  r;  y^  =  g;  8^  =  1-0472  r;  ...(9.) 

▼hatBoever  the  actual  rise  and  span  of  the  arch  may  be.  This 
gives  the  following  results : — 

Pj  =  '6U2  to  r; (10.) 


M,=:wr(-6U2c-||) (11.) 
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(4.)  Nanrdreulcnr  Arch, — find  the  two  points  at  wiiidi  iiie  in- 
trades  is  inclined  60^  to  the  horizon;  conceive  a  drcoUr  arc  drami 
through  them  and  through  the  crown  of  the  intrados,  and  proceed 
as  in  Case  2^  calculating  r  and  $  by  the  foimulsB  8,  fiom  x  and  y, 
the  co-ordinates  of  each  of  the  two  points  where  the  inclination  of 
the  intrados  is  60°.  The  results  will  be  near  enough  to  the  tnith 
f^r  practical  purposes. 

IL  .Stbikikq-flates  and  Wsdgesl — ^These  terms  are  applied 
to  the  apparatus  by  which  the  ooitre  is  lowered  after  the  arch  has 
been  completed.  Fig.  224  represents  a  pair  of  striking-plates,  A 
and  B,  with  a  compound  wedge  0  between  than.  The  lower 
striking-plate  B  is  a  strong  beam,  suitably  notched  on  the  upper 
side,  and  resting  on  the  top  of  the  pier  or  row  of  posts  which  forms 

one  of  the  supports  of  a  centre;  the  upper 
striking-plate  A,  notched  on  the  under  side, 
_    _  forms  the  base  of  part  of  the  frame  of  the 

"tS '       centre;   and  the  wedge  C  keeps  the  strik- 

Fig.  224.  ing-plates  A  and  B  asunder,    being  itself 

kept  in  its  place  by  keys  or  smaller  wedgtes 
driren  behind  its  shoulders.  When  the  centre  is  to  be  struck, 
those  keys  are  driven  out;  and  the  wedge  C  being  driven  back 
with  a  nudlet,  allows  the  upper  striking-plate  to  d^cend.  In  fig. 
221,  p.  486,  S,  S,  S,  represent  the  ends  of  pairs  of  striking-plates 
resting  transversely  on  the  posts  or  piles  which  support  the  entire 
centre.  In  some  centres,  of  which  examples  will  be  given,  the 
striking-plates  lie  longitudinally.  In  the  centres  introduced  by 
Hartley,  each  lagging  can  be  struck  separately  by  lowei-ing  the 
wedges  or  screws  which  support  it;  so  that  striking-plates  to 
support  the  entire  centre  are  unnecessary.    (See  p.  493.) 

IIL  FRAMDra  of  Centres. — ^The  back-pieces  which  form  the 
upper  edge  of  the  rib,  are  usually  supported  at  points  from  10  to 
15  feet  asunder.  In  some  examples,  however,  those  points  are  as 
dose  as  5  or  6  feet. 

It  is  essential  that  a  centre  should  possess  stiffness  so  great  that 
polygonal  firames  of  many  sides  and  timber  arches  are  unfit  forms 
for  its  ribs,  because  of  their  flexibility.  Such  forms  have  been 
used,  but  have  caused  great  difficulty  and  even  danger  in  the 
construction  of  the  arch.  The  kinds  of  framework  which  have 
been  found  to  succeed  are  of  three  kinds,  viz. : — 

(1.)  Direct  supports  from  intermediate  points;  to  be  always 
employed  when  practicable. 

/o\T    Tj^i."       •      )tobe  employed  when  intermediate 

(1.)  Direct  Sv^jporta  in  a  very  simple  form  are  illustrated  by  fig- 
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221,  pu  4S6.  Se^ezal  iowb  of  piles  support  a  series  of  pairs  of  striking- 
piatea  On  the  upper  strikisg-plates  rest  the  ribs,  each  of  which 
(xnuistB  of  the  folloving  parts : — ^A  sUl  or  horiaontal  beam,  a  series 
of  Tertical  posts  directly  over  the  piles,  horizontal  braces  or  toaUsy 
diagonal  hraoea  between  the  posts,  Mique  struU  near  the  upper 
ends  of  the  posts,  to  support  intermediate  points  in  the  back- 
pieces,  and  ^e  hcuih-piooeg.  Besides  giving  stiffiiess  to  the  posts,  the 
diagonal  braces  answer  the  purpose  of  supporting  a  given  part  of 
the  lib  in  case  the  pile  vertically  below  it  should  give  way. 

Fig.  225  is  a  skeleton  diagram  of  Hartley's  centre  for  the  Dee 
BridgB  at  Chester,  in  which  the 
greater  number  of  the  supports 
consisted  of  struts,  radiating  in  a 
fan-like  arrangement  finom  iron 
sockets  or  shoes  on  the  tops  of 
temporary  stone  piers,  of  which 
there  were  four  in  the  totfd  span 
of  200  feet  The  struts  were  stif- 
fened by  means  of  wales  at  dis- 
tances A  from  10  to  12  feet  apart 
vertiGaUy.  The  dnty  of  back-pieces  was  done  by  two  thicknesses 
of  4|  inch  planka     (See  Trcms.  Inat.  Gw.  Engs,^  voL  i.) 

(2.)  Indined  StrtUa,  in  pairs,  are  exemplified  in  fig.  226,  which  is 
a  skeleton  diagram  of  the  centre  of  Waterloo  Bridge.  Each  joint 
in  the  back-pieces,  such  as  A,  B,  C,  &c,  was  independently  sup- 
ported by  a  pair  of  struts  of  its  own,  springing  from  the  stnking- 
l>lates  at  F  and  F.     At  each  pioint  where  many  of  those  struts 


Fig.  2-25. 


Fig.  226. 

interBected  each  other,  such  as  H,  I,  and  I',  they  were  connected  by 
abutting  into  one  cast  iron  socket  At  other  points  of  intei'section 
they  were  notehed  and  bolted  together.  They  were  further  stif- 
fened by  means  of  radiating  pieces  in  pairs,  whose  positions  are 
shown  in  the  sketch.  The  slariking-plates  were  longitudinal  and 
incUned,  and  were  supported  on  struts  springing  from  the  stepped 
^^9ae6  of  the  stone  piers  of  the  bridge. 
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(3.)  Ttumed  Girden,  as  applied  to  oentocB,  are  illoetnted  (in  fig. 
327)  by  the  centra  of  London  Bridge.  The  ciket«h  ihowa  tliat  for 
about  one-fourth  of  the  spui  at  each  side  the  support  wu  diitct. 


Fig,  iiJ. 

lining  given  by  vertical  poste  with  diagonal  braces  between  them ; 
while  across  the  middle  half  of  the  span  the  rib  formed  a 
diagonally-braced  girder  of  great  stifihess,  ite  depth  being  sboiii 
one-fourth  of  ita  span.  The  Btriking-plates  were  longitodiiuJ 
uud  horizontal. 

The  ribs  of  a  centre  should  be  bmced  together  transversely  b" 
horizontal  and  diagonal  braces. 

In  framing  centres  it  is  desirable  to  use  the  pieces  of  timber  ici 
such  a  manner  that  they  may  be  afterwards  applied  to  other 
purposes. 

(AsDEKDUH  to  Article  174,  p.  280,  and  Article  313, 
pp.  450  to  453.) 
349  a.  umttmrnm  af  TiatWr  M  •Wmttm. — The  following  are  il>^ 
resulte  of  some  recent  experiments  by  U.  Bounicean  on  ihf 
resistance  of  timber  to  twisting  and  wrenching,  extracted  from 
a  paper  in  the  "Annales  dw  Fontt  et  Chautaiea"  for  1861.  The 
co-efficients  are  modified  so  as  to  suit  the  formnle  of  U.  de  Su 
"Veuaut  for  resistance  to  torsion,  which  are  more  correct  thsn  tbs 
oi-dinary  formnlte  employed  in  the  original  paper. 
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Hodnlvfl  of  Buptnn  Hodnliis  of  Tnuu- 

by  WrBDching.  Tene  Elasticity. 

/  C 

Lbs.  on  the  Sqoare  Lbs.  on  the  Square 

Indi.  Inch. 

Red  Pine  of  Prussia, i,540  116,300 

„         of  Norway, 95®  61,800 

Elm, 1,390  76,000 

Oak  (of  Normandy), 2,350  82,400 

Aah, 1,460  76,000 

The  modulus  of  rupture  by  wrenching  for  oak,  as  stated  above,  is 
almost  e^xactly  the  same  with  its  resistance  to  shearing  along  the 
giain-  (See  tables  at  the  end  of  the  volume.)  For  red  pine,  the 
resistance  to  wrenching  ia  the  greater. 

The  following  are  the  formulie  applicable  to  square  bars : — 

Let  A  be  the  breadth  and  thickness  of  the  bar. 

M,  the  moment  of  torsion  required  to  wrench  it  asimder;  then 

M  =  •281/A8  (1.) 

Also,  let  ^  be  the  length  of  the  bar. 
M',  any  moment  of  torsion. 

0,  the  angle,  stated  in  arc  to  radius  unity,  through  which  the 
bar  is  twisted  by  that  moment;  then 

^  =  •1405  0  A*' ^^'^ 


Addkmdum  to  Abticlk  343,  p.  480. 
As  to  the  most  economical  angles  of  inclmation  for  diagonal  braces,  see  papers 
by  Mr.  Bow  in  the  Civil  Engineer  and  ArchHecCi  Journal  for  1861. 

Addendum  to  Abticuc  849,  p.  490. 

349  B.  SttHclas  •€  Ceattoi  hj  HMMia  •£  Bmmd, — ^Tbis  process  was  first 
ioTented  by  M.  Bandemonlin,  perfected  by  M.  de  Sazilly,  and  carried  into  effect  at 
the  Bridge  of  Aosterlitz,  in  Paris,  by  M.  Bonziat. 

The  lower,  striking-plate  consists  of  a  timber  platform,  on  wliich  stand  a  nnmber 
of  vertical  plate-iron  cylinders,  of  nearly  1  foot  in  diameter,  and  1  foot  in  height. 
The  lower  end  of  each  cylinder  fits  on  a  circular  wooden  disc  about  ]  inch  thick. 
About  1|  inch  above  the  base  of  each  cylinder  are  four  round  boles,  of  about  }  inch 
io  dianaeter,  stopped  with  oorks.  Each  cylinder  is  filled  about  two-thirds  or  three- 
quarters  full  of  dean  dry  sand ;  and  upon  the  sand  rests  the  lower  end  of  a  cylindrical 
wooden  plungo*  loosely  fitting  the  cylinder,  which  plunger  is,  in  fact,  the  lower  end 
of  ooe  of  the  upright  poets  of  the  framework  of  the  centre.  The  joint  between  the 
plunger  and  the  cylinder  is  stopped  with  plaster,  to  protect  the  sand  from  moisture. 
When  the  centre  is  to  be  struck,  the  corks  are  taken  out  of  the  cylinders,  and  the 
sand,  running  out  of  the  holes,  allows  the  centre  to  sink  slowly  and  steadily.  The 
land,  if  neoeesaty,  may  be  loosened  with  a  hook,  to  make  it  run  freely ;  and  it  must 
be  cleared  away  from  the  holes  as  it  runs  out 

{Eaqfo&Uion  'UniceraeUe^  1862.— JVMoei  tur  Ui  Mod^  CarteB,  ef  I>ettini  rehli/i 
aux  IhKfoux  PMa,') 


fig.  138.— [IIm  CramliD  Tiaduot,  from  ■  Pbol(«npb.] 

CHAPTEB  V. 
or  HETAlilC  BTBUCTDSE8. 

Sbctios  l-^-O/Irm  ami  Sttd. 

350.  mamwctu  ■ad  Clmmtm  af  ■■«■  ■■  OcmcbI.— It  wonld  be  foreigD 
to  the  Biibject  of  the  present  treatise  to  enter  ioto  details  as  to  t^e 
ores  from  which  iron  is  obtained,  and  tbe  processes  of  its  mann- 
facture.  A  brief  snmmaTy,  therefore,  of  those  matters  will  alone 
be  given,  referring  for  more  full  ioformation  to  such  wo^ks  a» 
Fftirbaim  On  (A«  Iron  Manufaelure;  Truran  On  Ae  Iron  Trad*; 
Mushet's  Papers  on  Iron  and  Steel;  Kareten's  ffandbueh  dor  Eiten- 
htuttenkunde;  FhilUps's  Mmvaal  of  M^meralogy. 

The  chemical  equivalent  of  iron  is  28  times  that  of  hjdrogen. 
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The  following  are  the  mort  oominozi  conditions  in  which  iron  is 
fomid  in  its  ores : — 

irOBW  MfOUy  000^  tim  aomlj  yOS%  or  OORH 

biaed  vitii  fron  ODB-fimrtli  to  (Mio-liiindradtli 
peri  of  itB  wdght  of  nidnl.  This  is  verjr 
rare,  and  is  foimd  in  deUched  mirowi,  which 
are  known,  or  snpposedy  to  hive  fallen  fiom 
the  heareofl, » So  to  too 

a  Ftaliaida  or  Black  Oxide  of  (Iron,  i  28)    ^<  «^  o 

Iioo, iOxygen, 1  z\    3^         778 

FmoaJde  of  iron  it  only  found  in  oombinatton  with  other  sobstancei. 

nLAnodde  or   Bed  Oxide  of  (Iran,  2         56)    ^ 

iiw. (Oxygen, 3  24?    ~  '^ 


s- 


72-4 


60 


IT. Hiiiietie  Osdde  of  Irons  firan,  3 

teoxide  +  Protoxide,. ...•«  (Oxygen, 4 

*•  fir^drate<tfPeroxideof  Iron  3s 

TL  Oubooate  of  Irons 

Phtorida  of  Iron,  1  atom,...  'in*" -1  "*       I 

C«b-icA«U,...  1  •»«».•••  {SKi""""!    ...    6j 

Irou  is  found  combined  with  sulphur,  forming  what  is  called 
Iron  Pyrites;  but  that  mineral  is  not  available  for  the  manufacture 
of  iron;  and  it  forms  a  pernicious  ingredient  in  ores,  or  in  the  ftiel 
Qsed  to  smelt  them,  because  of  the  wakening  effect  of  sulphur  upon 
iron.    The  same  is  the  case  with  Phosphate  of  Iron, 

Tlie  most  abundant  foreign  ingredients  found  mixed  with  com- 
pounds of  iron,  in  its  ores  are  siliceous  sand  and  silicate  of  alumina, 
or  clay  j  next  in  abundance  are  the  carbonates  of  lime  and  mag- 
nesia. Amongst  other  foreign  ingredients,  which,  though  not 
abundant,  have  an  influence  on  the  quality  of  the  iron  produced,  are 
carbon,  manganese,  arsenic,  titanium,  <bc.  Of  these  manganese  and 
carbon  alone  are  beneficial;  for  manganese  gives  increased  strength 
to  steel,  and  carbon  assists  in  reducing  the  ore;  all  the  rest  are 
liurtfuL 

The  most  common  Ores  of  Iron  are  the  following : — 

I  Moffnetie  Iron  Ore,  consisting  of  magnetic  oxide  of  iron,  pure, 
or  almost  pure,  and  containing  72  per  cent,  of  iron,  is  found  chiefly 
in  veins  traversing  the  primary  strata,  and  amongst  plutonic  rocks, 
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and  is  the  source  of  some  of  the  finest  qualities  of  iron,  such  as  those 
of  Sweden  and  the  North-Eastem  United  States. 

II.  Red  Iron  Ore  is  peroxide  of  iron,  pure  or  mixed.  When 
pure  and  crystalline,  it  is  called  Specular  Iron  Ore^  or  Iron-^^oMe; 
when  pure,  or  nearly  so,  and  in  kidn^-shaped  masses,  showing  a 
fibrous  structure,  it  is  called  Red  HcematUe;  when  mixed  with  less 
or  more  clay  and  sand,  it  is  called  Red  Ironstone  and  Red  Odvre,  It 
is  found  in  various  geological  formations,  and  is  purest  in  the  oldest. 
The  purer  kinds,  iron-glajice  and  hematite,  produce  excellent  iron ; 
for  example,  that  of  Nova  Scotia. 

III.  Brown  Iron  Ore  is  hydrate  of  peroxide  of  iron,  pure  or 
mixed  When  compact  and  nearly  pure,  it  is  called  Brown 
HcemtUUe;  when  earthy  and  mixed  with  much  clay,  YeUow 
Ochre.  It  is  found  amongst  various  strata,  especially  those  of  later 
formations. 

lY.  Carbonate  of  Iran,  when  pure  and  crystalline,  is  called 
Sparry  or  Spaihoee  Iron  Ore;  when  mixed  with  clay  and  sand,  Clay 
Ironstone;  when  clay  ironstone  is  coloured  black  by  carbonaceous 
matter,  it  is  called  Black-band  Ironstone.  These  ores  are  found 
amongrt  various  primary  and  aeoondaiy  stratified  rocks,  and 
especially  amongst  those  of  the  coal  formation. 

The  proportion  of  earthy  matter  in  the  ordinaiy  ores  containing 
carbonate  of  iron  ranges  from  10  to  40  per  cent. 

The  iron  of  Britain  is  manufactured  partly  ficom  hematite,  but 
chiefly  from  clay  ironstone  and  black-band. 

The  extraction  of  iron  from  its  ores  consists  of  a  combination  of 
processes,  which  may  be  described  in  general  terms  as  follows: — ^If 
the  iron  is  in  the  state  of  carbonate,  the  carbonic  acid  is  expelled 
by  the  agency  of  heat,  leaving  oxide  of  iron ;  the  earthy  constituentB 
of  the  ore  are  removed  by  means  of  the  chemical  affinity  of  other 
earths  (especially  lime),  forming  a  glassy  refuse  called  Slag;  the 
oxygen  is  taken  away  from  the  iron  by  means  of  the  chemical 
affinity  of  carbon;  and  in  certain  processes,  carbon,  combined  with 
the  iron,  is  taken  away  by  means  of  the  chemical  affinity  of  oxygen. 
There  are  also  processes  whose  object  is  to  combine  the  iron  with 
certain  proportions  of  carbon.  The  substances  employed  in  the 
extraction  of  iron  from  its  ore  may  be  thus  classed, — the  ore  itself; 
the^u^,  which  produces  heat  by  its  combiistion,  and  supplies  car- 
bon; the  air,  which  supplies  oxygen  for  the  combustion  of  the  fuel; 
the  JUix  (generally  lim^,  which  promotes  the  fusion  of  the  ore,  and 
combines  with  its  earthy  constituents. 

In  some  cases  a  substance  is  also  used  in  order  to  remove  sul- 
phur and  phosphorus  from  the  ores  and  fuel  In  this  process  (the 
invention  of  Mr.  Calvert),  chlorine,  or  some  chloride,  by  preference 
common  salt^  is  employed  in  such  quantity  that  for  evetj 
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1 6  parts  of  sulphur       )  in  the  ore 
or  32  parts  of  phosphorus  j     or  fuel, 
there  shall  he  35  parts  of  chlorine; 
and  as  common  salt  contains  23  parts  of  sodium  to  35  of  chlorine, 

the  proper  proportion  is        58  parts  of  conmion  salt 

The  metallic  products  of  the  iron  manufacture  are  of  three  kinds ; 
maUeabls  or  wrouglU  iroTiy  heing  pure  or  nearly  pure  iron;  cast  iron 
and  gtedy  heing  certain  compounds  of  iron  with  carbon.* 

351.  iBipaTitiM  •r  iffVM^— The  strength  and  other  good  qualities 
of  these  products  depend  mainly  on  the  absence  of  impurities^  and 
especially  of  certain  substances  which  are  known  to  cause  brittle- 
nero  and  weakness,  of  which  the  most  important  are,  sulphur, 
phosphorus,  snioon,  calcium,  and  magnesium. 

Sulphur  and  (according  to  Mushet)  calcium,  and  probably  also 
magnesium,  make  iron  ''  red  short;""  that  is,  brittle  at  high  temper- 
atures; phosphorus  and  (according  to  Mushet)  silicon  make  it 
"■  cdd  short  f^  that  is,  brittle  at  low  temperatures.  These  are  both 
serious  defects;  but  the  latter  is  the  worse. 

Sulphur  comes  in  general  from  coal  or  coke  used  as  fuel  Its 
pernicious  effects  can  be  avoided  altogether  by  using  fuel  which 
contains  no  sulphur;  and  hence  the  strongest  and  toughest  of  all 
iron  is  that  which  is  melted,  reduced,  and  puddled  either  with 
charcoal,  or  with  coal  or  coke  that  is  free  from  sulphur.  As  to  the 
artificial  removal  of  sulphur,  see  the  preceding  Article. 

Phosphorus  comes  in  most  cases  from  phosphate  of  iron  in  the 
ore,  or  from  phosphate  of  lime  in  the  ore,  the  fuel,  or  the  flux. 
Mr.  Calvert's  method  of  removing  it  has  already  been  mentioned 
above^  The  ores  which  contain  most  phosphorus  are  those  found 
in  strata  where  animal  remains  abound,  such  as  those  of  the  oolitic 
formation. 

Caleium  and  Silicon  are  derived  respectively  from  the  decom- 
position of  lime  and  of  silica  by  the  chemical  affinity  of  carbon  for 
their  oxygen.  The  only  iron  which  is  entirely  free  from  these 
impurities  is  that  which  is  made  by  the  reduction  of  ores  that  con- 
tain neither  silica,  nor  lime,  such  as  pure  magnetic  iron  ore,  pure 
haematite,  or  pure  sparry  iron  ore. 

If  either  of  those  earths  be  present  in  the  ore,  the  other  must  be 
added  as  a  flux,  to  form  a  slag  with  it ;  and  a  small  portion  of 
each  of  them  will  be  deoxidated,  the  bases  uniting  with  the  iron. 
This  is  a  defect  of  earthy  ores  for  which  no  remedy  is  yet  known. 

*  AcoQidiiig  to  some  viewB  noently  set  forth,  nitrogen  is  one  of  the  esBential  con* 
atitiientB  of  steel;  bat  this  wants  ooi^Snnation. 

2k 
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The  statements  made  relatiye  to  calcium  are  applicable  also  to 
magnesium. 

The  effect  of  aluminium  upon  iron  is  not  known  with  cer- 
tainly. 

352.  Cut  IMM  is  the  product  of  the  process  of  smeUing  iron 
ores.  In  that  process  the  ore  in  fragments,  mixed  with  fuel  and 
with  flux,  is  subjected  to  an  intense  heat  in  a  blast-furnace,  and 
the  products  are  dagy  or  glassy  matter  formed  by  the  combination 
of  the  flux  with  the  earthy  ingredients  of  the  ore,  and  pig  irtm, 
which  is  a  compound  of  iron  and  carbon,  either  unmixed,  or  mixed 
with  a  small  quantity  of  uncombined  carbon  in  the  state  of 
plumbago. 

The  ore  is  often  rowied  or  calcined  before  being  smelted,  in 
order  to  expel  carbonic  acid  and  water. 

The  proportions  of  ore,  fuel,  and  flux  are  flxed  by  ttial;  and  the 
success  of  the  operation  of  smelting  depends  much  on  those  propor- 
tions. The  flux  is  generally  limestone,  from  which  the  carbonic 
acid  is  expelled  by  the  heat  of  the  furnace;  while  the  lime 
combines  with  the  silica  and  alumina  of  the  ore.  If  the  ore 
contains  carbonate  of  lime,  less  lime  is  required  as  a  flux.  If 
either  lime  or  silica  is  present  in  excess,  part  of  the  earth  which  is 
in  excess  forms  a  glassy  compound  with  oxide  of  iron,  which  runs 
ojQT  amongst  the  slag,  so  that  part  of  the  iron  is  wasted  j  and 
another  part  of  that  earth  becomes  reduced,  its  base  combining 
with  the  iron  and  making  it  biittle,  as  has  been  stated  in  the 
preceding  article ;  so  that  in  order  to  produce  at  once  the  greatest 
quantity  and  best  quality  of  iron  from  the  ore,  the  earthy  in- 
gredients of  the  entire  charge  of  the  furnace  must  be  in  certain 
definite  proportions,  which  are  discovered  for  each  kind  of  ore  by 
careful  experiment. 

The  total  quantity  of  carbon  in  pig  iron  ranges  froin  2  to  ^  per 
cent  of  its  weight 

Different  kinds  of  pig  iron  are  produced  from  the  same  ore  in  the 
same  furnace  under  different  circumstances  as  to  temperature  and 
quantity  of  fuel.  A  high  temperature  and  a  large  quantity  of  fnd 
produce  gre^/  cast  tnm,  which  is  further  distinguished  into  Na  1, 
JNTo.  2,  No.  3,  and  so  on;  No.  1  being  that  produced  at  the  highest 
temperature.  A  low  temperature  and  a  deficiency  of  fuel  prodnce 
white  east  iron.  Grey  cast  iron  is  of  different  shades  of  blmsh- 
grey  in  colour,  granular  in  texture,  softer  and  more  easily  fatdhle 
than  white  cast  iron.  White  cast  iron  is  silvery  white,  either 
granular  or  crystalline,  comparatively  difficult  to  melt,  brittle,  and 
excessively  hard. 

It  appears  that  the  differences  between  those  kinds  of  iron 
depend  not  so  much  on  the  total  quantities  of  carbon  which  they 
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oontain  as  on  the  proportions  of  that  carbon  whicli  are  respectively 
in  the  conditions  of  mechanical  mixture  and  of  chemical  combi- 
n&tion  with  the  iron.  Thus,  grey  cast  iron  contains  one  per  cent., 
and  Bometimes  less,  of  carbon  in  chemical  combination  with  the 
iron,  and  from  <me  to  three  or  /our  per  cent  of  carbon  in  the  state 
of  plumbago  in  mechanical  mixture ;  while  white  cast  iron  is  a 
homogeneous  chemical  compoimd  of  iron  with  from  2  to  4  per  cent. 
of  carbon.  Of  the  different  kinds  of  grey  cast  iron,  No.  1  con- 
tains the  greatest  proportion  of  plumbago,  No.  2  the  next^  and 
won. 

There  are  two  kinds  of  white  cast  iron,  the  granular  and  the 
erydaUine.  The  granular  kind  can  be  converted  into  grey 
cast  iron  by  fusion  and  alow  cooling;  and  grey  cast  iron 
can  be  converted  into  granular  white  cast  iron  by  fusion  and 
sudden  cooling.  This  takes  place  most  readily  in  the  best  iron. 
Oiy&talline  white  cast  iron  is  harder  and  more  brittle  than 
granular,  and  is  not  capable  of  conversion  into  grey  cast  iron  by 
fission  and  slow  cooling.  It  is  said  to  contain  more  carbon  than 
gmnular  white  cast  iron ;  but  the  exact  difference  in  their  chemical 
composition  is  not  yet  known. 

Grey  cast  iron.  No.  1,  is  the  most  easily  fusible,  and  produces 
tiie  finest  and  most  accurate  castings ;  but  it  is  deficient  in  hard- 
ness and  strength;  and,  therefore,  although  it  is  the  best  for 
casting^i  of  moderate  size,  in  which  accuracy  is  of  more  importance 
tkn  strength,  it  is  inferior  to  the  harder  and  stronger  kinds,  No. 
2  and  No.  3,  for  laiige  structures. 

3d3.  0tr««cih  •f  Caai  iroB« — Something  has  been  already  stated 
18  to  the  comparative  strength  of  different  kinds  of  cast  iron.  It 
JDsy  be  laid  down  as  a  general  principle,  that  the  presence  of 
pinmbago  renders  iron  comparatively  weak  and  pliable,  so  that  the 
<^er  of  strength  among  different  kinds  of  cast  iron  from  the  same 
on  and  fuel  is  aB  follows : — 

Granular  white  cast  iron. 
Grey  cast  iron,  No.  3. 

„  „        No.  2. 

„  „        No.  1. 

9 

Crystalline  white  cast  iron  is  not  introduced  into  this  classifi- 
cation, because  its  extreme  brittleness  makes  it  unfit  for  use  in 
engineering  structurea 

Granular  white  cast  iron  also,  although  stronger  and  harder 
tlum  grey  cast  iron,  is  too  brittle  to  be  a  safe  mateiial  for  the 
«itire  mass  of  any  girder,  or  other  large  piece  of  a  structure;  but 
it  is  used  to  form  a  hard  and  impenetrable  skin  to  a  piece  of  grey 
cast  iron  by  the  process  called  chiUing.    This  consists  in  lining  the 
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portion  of  the  mould  where  a  hardened  surfjeu^  is  required  with 
suitably  shaped  pieces  of  iron.  The  melted  metal,  on  being  ran  in,  is 
cooled  and  solidified  suddenly  where  it  touches  the  cold  iron  ;  and 
for  a  certain  depth  from  the  chilled  sur&oe,  vaiying  from  about 
^th  to  j  inch  in  different  kinds  of  iron,  it  takes  the  white  grannlar 
condition,  while  the  remainder  of  the  casting  takes  the  grey  con- 
dition. 

Even  in  castings  which  are  not  chilled  by  an  iron  lining  to  the 
mould,  the  outermost  layer,  being  cooled  more  rapidly  than  the 
interior,  approaches  more  nearly  to  the  white  oonditioD,  and  forms 
a  akin  harder  and  stronger  than  the  rest  of  the  casting. 

The  best  kinds  of  cast  iron  for  large  structures  are  Na  2  and 
No.  3 ;  because,  being  stronger  than  No.  1,  and  softar  and  more 
flexible  than  white  cast  iron,  they  combine  strength  and  pliability 
in  the  manner  which  is  best  suited  for  safely  b^mng  loads  tliat 
are  in  motion. 

As  to  the  comparative  strength  of  irons  melted  by  the  oold  blast 
and  by  the  hot  blast,  it  appears  from  the  experiments  of  Mr. 
Fairbfllm  and  Mr.  Hodgkinson,  that  with  the  same  kind  of  ore  and 
fuel,  No.  1  cold  blast  is  in  general  superior  to  Na  1  hot  blast  iron  ; 
No.  2  hot  and  cold  blast  are  about  equally  good ;  No.  3  hot  blast  is 
in  general  superior  to  Na  3  cold  blast;  and  the  average  quality 
of  the  iron  on  the  whole  is  nearly  the  same  with  the  hot  as  with 
the  cold  blast 

A  strong  kind  of  cast  iron  called  Umghentd  cast  mm,  is  pro- 
duced by  the  process,  invented  by  Mr.  Morries  Stirling,  of  adding 
to  the  cast  iron,  and  melting  amongst  it,  from  one-fourth  to  one- 
seventh  of  its  weight  of  wrought  iron  scitip. 

The  manner  in  which  the  strength  of  cast  iron  depends  on  the 
absence  of  impurities  from  the  ore  and  fuel  has  already  been 
mentioned  in  Article  351,  p.  497. 

Various  mixtures  of  different  qualities  of  iron  have  been  recom- 
mended by  diffei-ent  engineei^  as  materials  for  large  castings.  (On 
this  point  see  the  Report  on  tha  Application  of  Iron  to  Railway 
Structures,  p.  265.)  For  example,  Mr.  Fairbaim  recommended  the 
following  combination : — 

Lowmoor,  No.  3, 3operc^it. 

Blaina,  or  Yorkshire,  No.  2, 25        „ 

Shropi^ire,  or  Derbyshire,  No.  3, 25        „ 

Grood  old  malleable  scrap, 20        „ 

Sir  Charles  Fox  recommended  a  combination  of  two-thirds 
Welsh  cold  blast  iron,  and  one-third  Scotch  hot  blast  iron^  the 
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latter  being  mannfactared  from  equal  proportioiu  of  black-band 
and  haematite  ores.  But  both  these  and  other  engineers  agreed  in 
considering  that  the  best  course  for  an  engineer  to  take  in  order  to 
obtain  iron  of  a  certain  strength  for  a  proposed  stinicture  was,  not 
to  specify  to  the  founder  any  particular  mixture,  but  to  specify  a 
certain  minimum  strength  whidi  the  iron  should  exert  when  tested 
by  experiment. 

The  strength  of  cast  iron  to  resist  cross  breaking  was  found  by 
Mr.  Fairbairn  to  be  increased  by  repeated  meUinga  up  to  the 
twdfih,  when  it  was  greater  than  at  the  first  in  the  ratio  of  7  to  5 
nearly.  After  the  twelfth  melting  that  sort  of  strength  rapidly  fell  ofL 

The  resistance  to  crushing  went  on  increasing  after  each  succes- 
sive melting ;  and  after  the  eighteenth  melting  it  was  double  of  its 
original  amount^  the  iron  becoming  silvery  white  and  intensely 
hard. 

The  transverse  strength  of  No.  3  cast  iron  was  found  by  Mr. 
FaLrbaini  not  to  be  diminished  by  raising  its  temperature  to  600^ 
Fahr.  (being  about  the  temperature  of  melting  lead).  At  a  red 
heat  its  strength  fell  to  two-thirds. 

The  strength  of  cast  iron  of  every  kind  ib  marked  by  two  pro- 
perties ;  the  smallness  of  the  tenacity  as  compared  with  the  resist- 
ance to  crushing,  and  the  different  values  of  the  modulus  of 
rapture  of  the  same  kind  of  iron  in  bars  torn  directly  asunder,  and 
in  beams  of  different  forms  when  broken  across.  These  circum- 
stances have  already  been  referred  to  in  Article  157,  p.  235, 
Article  164,  pp.  256  to  258,  and  Article  166,  p.  261.  The 
variations  in  the  modulus  of  rupture  for  beams  of  different  figures 
vise  in  all  probability  from  the  greater  tenacity  of  the  skin  as 
compared  with  the  interior  of  the  casting;  for  an  experiment  on  a 
bar  torn  directly  asunder  shows  the  least  tenacity  of  its  internal 
particles;  while  experiments  on  beams  broken  across  show  the 
tenacity  of  some  layer  which  is  nearer  to  or  further  from  the  skin 
according  to  the  form  of  cross-section. 

Intense  cold  makes  cast  iron  brittle;  and  sudden  changes  of 
temperature  sometimes  cause  large  pieces  of  it  to  split. 

The  proof  atrenffth  of  cast  iron  has  been  shown  to  be  about 
one-third  of  the  breaking  load,  by  experiments  already  mentioned  in 
the  note  to  p.  221.  The  usuial  factor  of  aaftiy  for  the  working 
load  on  railway  structures  of  cast  iron  is  mos.  (See  Article  143, 
p.  222.) 

In  addition  to  the  data  in  the  tables  at  the  end  of  the  volume, 
the  following  table  gives  results  as  to  the  strength  of  cast  iron, 
extracted  and  condensed  from  the  experiments  of  Mr.  Fairbairn 
and  Mr.  Hodgkinson.  All  the  co-efficients  are  in  lbs.  on  the 
square  inch. 
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Klnda  of  Iron. 


Na  1.  Cold  blast, ^^ 

No.  1.  Hot  blast, {^ 

Na  2.  Co]db]as^ {^" 

No.  2.  Hot  b]as^ {Jj*" 

No.  8.  Cold  blast, '[^" 

No.  «.  HotUast, {^" 

No.  4.  Smoltfld  by  coke  without  salphar« 

Toughened  cast  iron, 4  ^ 

Na  8.  Hot  blast  after  first  melting, 

„  „  „     twelfth  melting,... 

„  „  „    eighteenth  „     ... 


DIreet 
Tenedtj. 


12,694 
17,466 

13434 
10,12 

13*505 
17,807 

14,200 

15.278 
23,468 

23,461 
25*764 


iModnlOB 
Redfttace)       of 
to  Direct    Bnptnre 


Cnuhlng. 


56.455 
80,561 

72,193 
88,741 

68,532 

102,408 

82,734 
102,030 

76,900 
115*400 
101,831 
104,881 

129,876 

119.457 
98,560 

163,744 
197,120 


ofSfiuare 
BoriL 


36,693 

39,771 
29,889 

35iSl6 
33*453 
39*609 
28,917 

47,061 
35.640 
43.497 
41*715 


39,690 
56.060 

25.350 


of 


14,000,000, 

15.380,0001 

11,539,000' 

15,510,000 

12,586,000 

17,036,000 

12,259,000 

16,301,000 

14.281,000 

22,008,000 

15,852.000 

22,733.000 


I 


! 


It  is  to  be  understood  that  tlie  numbers  in  one  line  of  the  pre- 
ceding table  do  not  necessarily  belong  to  tbe  mtm  specimen  of  iron, 
each  number  being  an  extreme  result  for  the  kind  of  iron  specified 
in  the  first  column. 

The  modulue  0/ rupture  qfcatt  iron  by  torenehing  is  usuallj  given 
as  calculated  by  an  erroneous  formula.  According  to  the  correct 
formula,  it  is  on  an  average  of  several  experiments, 

27,700  lbs.  on  the  square  inch. 

If  this  be  denoted  hjf,  the  wrenching  mjommte  of  cast  iron  bars  aie 

for  round  bare  of  the  diameter  h,  '196  f  A*  I  *    •    u  ik. 

for  square  bars  of  the  dimensions  A  X  A,  -281  flfif^  mcn-iiw. 


354.  Cmmiu^  f«r  WOTks  of  BagiBMriBffi — The  strength  and 
quality  of  the  iron  suitable  for  such  castings  has  already  been 

As  to  appearance,  it  should  show  on  the  outer  surface  a  smooth, 
clear,  and  continuous  skin,  with  regular  faces  and  sharp  angles. 
When  broken,  the  surface  of  fracture  should  be  of  a  light  bluish-grey 
colour  and  close-grained  texture,  with  considerable  metallic  lustre; 
both  colour  and  texture  should  be  uniform,  except  that  near  the 
skin  the  colour  may  be  somewhat  lighter  and  the  grain  closer;  if 
the  fractured  surface  is  motded,  either  with  patches  of  darker  at 
lighter  iron^  or  with  crystalline  patches,  the  casting  will  be  unsafe; 
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and  it  will  be  stOl  more  ttnsafe  if  it  contains  air-bnbbles.  The  iron 
ahonld  be  soft  enough  to  be  slightly  indented  bj  a  blow  of  a  hammer 
on  an  edge  of  the  casting. 

Oftstuigs  are  tested  for  air-bubbles  bj  ringing  them  with  a 
hammer  all  orer  the  surface. 

Gset  iron,  like  many  other  substances,  when  at  or  near  the 
temperatore  of  fusion,  is  a  little  more  bulky  for  the  same  weight  in 
the  solid  than  in  the  liquid  state,  as  is  shown  by  the  solid  iron 
Hoatii^  on  the  melted  iron.  This  causes  the  iron  as  it  solidifies 
to  fill  all  parts  of  the  mould  completely,  and  to  take  a  sharp  and 
accurate  figureu 

The  Bolid  iron  contracts  in  cooling  from  the  melting  point  down 
to  the  temperature  of  the  atmosphere,  by  ^^th  part  in  each  of  its 
Unear  dimensions,  or  one-eighih  qfan  inch  in  afoot;  and  therefore 
patterns  for  castings  are  made  larger  in  that  proportion  than  the 
intended  pieces  of  cast  iron  which  they  represent 

In  designing  patterns  for  castings,  care  must  be  taken  to  avoid 
all  abmpt  variations  in  the  thickness  of  metal,  lest  parts  of  the 
cuting  near  each  other  should  be  caused  to  cool  and  contract  with 
onequl  rapidity,  and  so  to  split  asunder  or  overstrain  the  iron. 

Iran  becomes  more  compact  and  sound  by  being  cast  under 
prearare;  and  hence  cast  iron  cannon,  pipes,  columns,  and  the 
^e,  are  stronger  when  cast  in  a  vertical  than  in  a  horizontal 
pootioD,  and  stronger  still  when  provided  with  a  head,  or  ad- 
ditional column  of  iron,  whose  weight  serves  to  compress  the  mass 
of  iron  in  the  mould  below  it.  The  air  bubbles  ascend  and  collect 
io  the  head,  which  is  broken  off  when  the  casting  is  cooL 

Oare  should  be  taken  not  to  cut  or  remove  the  skin  of  a  piece 
of  cast  iron  at  those  points  where  the  stress  is  intense. 

Oast  iron  expands  in  linear  dimensions  by  about  1 -900th,  or 
'^111,  in  rising  from  the  freezing  to  the  boiling  point  of  water; 
^g  at  the  rate  of  -00000617  for  each  degree  of  Fahrenheit's  scale, 
or  about  -0004  for  the  range  of  temperature  which  is  usual  in  the 
Britigb  dimate.  Every  structure  containing  cast  iron  must  be  so 
designed  that  the  greatest  expansion  and  contraction  of  the  castings 
^7  change  of  temperature  shall  not  injure  the  structure. 

355.  WvMigka  mt  niaiiesMe  Ivmi  in  its  perfect  condition  is- 
Amply  pore  iron.  It  &lls  short  of  that  perfect  condition  to  a 
^ter  or  less  extent  owing  to  the  presence  of  impurities,  of 
viiich  the  most  common  and  injurious  have  been  mentioned,  and 
^  effects  stated,  in  Article  351,  pi  497 ;  and  its  strength  is  in 
9^era]  greater  or  less  according  to  the  greater  or  less  purity  of  the 
ore  and  fnel  employed  in  its  manu&cture. 

^Uleable  iron  may  be  made  either  by  direct  reduction  of  the  ore, 
^  hy  the  abstraction  of  the  carbon  and  various  impurities  from 
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cast  iron.     The  process  of  direct  reduction  is  applicable  to  ricli  and 

Eure  ores  only;  and  it  leaves  a  slag  or  ''cinder*'  which  contains  a 
Li^e  proportion  of  oxide  of  iron,  and  yields  pig  iron  bj  smelting. 
The  most  economical  and  generally  applicable  process  is  that  oi 
removing  the  foreign  constituents  from  pig  iron;  and  for  that 
purpose  white  pig  iron  (called  "  forge  pig")  is  usuallj  employed, 
partly  because  it  retains  less  carbon  on  the  whole  than  gr^  pig  iron, 
and  partly  because  it  is  unfit  for  making  castinga  The  details  of  the 
process  are  very  much  varied ;  but  the  most  important  principle  of 
its  operation  always  is  to  bring  the  pig  iron  in  a  melted  state  into 
dose  contact  with  a  quantity  of  air  sufficient  to  oxidate  all  the 
carbon  and  silicon.  The  carbon  escapes  in  carbonic  oxide  or 
carbonic  acid  gas;  the  silica  produced  by  the  oxidation  of  the 
silicon  combines  partly  with  pix>toxide  of  iron  and  partly  with 
lime  (which  is  sometimes  introduced  as  a  flux  for  it),  and  forms 
slag  or  ''cinder."  Chloride  of  sodium  (common  salt)  is  used  to 
remove  sulphur  and  phosphorus.  In  one  form  of  the  process  this 
is  accomplished  by  injecting  jets  of  steam  amongst  the  molten 
iron;  the  oxygen  of  the  steam  assists  in  oxidating  the  carbon 
and  silicon,  and  the  hydrogen  combines  with  the  sulphur  and 
phosphorus.  The  surest  method,  however,  of  obtaining  iron  free 
from  the  weakening  effects  of  sulphur  and  phosphorus  is  to  employ 
ores  and  fuel  that  do  not  contain  those  constituents. 

The  most  common  form  of  the  process  of  making  maUeable  iron 
is  puddling,  in  which  the  pig  iron  is  melted  in  a  roverberatoiy 
furnace,  and  is  brought  into  close  contact  with  the  air  by  stirring 
it  with  a  rake  or  "  rabble.*'  Some  iron  makers  precede  the  process 
of  puddling  by  that  of  "  refining,"  in  which  the  pig  iron,  in  a 
melted  state,  has  a  blast  of  air  blown  over  its  surfiace.  This  removes 
part  of  the  carbon,  and  leaves  a  white  ciystaUine  compound  of  iron 
and  carbon  called  "  rofiners'  metal."  Others  omit  the  refining,  and 
at  once  puddle  the  pig  iron;  this  is  called  "pig  boiling,*^  The 
removal  of  the  carbon  is  indicated  by  the  thickening  of  the  mass  of 
iron,  maUeable  iron  requiring  a  higher  temperaturo  for  its  fusion 
than  cast  iron.  It  is  formed  into  a  lump  called  a  "loup"  or 
"  bloom,"  taken  out  of  the  furnace,  and  placed  under  a  tilt  hammer 
or  in  a  suitable  squeezing  machine,  to  be  "  Mngled;**  that  is,  to 
have  the  cinder  forced  out,  and  the  particles  of  iron  welded 
together  by  blows  or  prossure.' 

Tlie  bloom  is  then  passed  between  rollers,  and  rolled  into  a 
bar;  the  bar  is  cut  into  short  lengths,  which  aro  fagotted  together, 
reheated,  and  rolled  again  into  one  bar;  and  this  process  is  repeated 
till  the  iron  has  become  sufficiently  compact  and  has  acquired  a 
fibrous  structure. 

In  Mr.  Bessemer's  process,  the  molten  pig  iron,  having  been  run 
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into  a  suitable  Tessel,  has  jets  of  air  blown  through  it  by  a  blowing 
mschine.  The  oxygen  of  the  air  combines  with  the  silicon  and 
carbon  of  the  pig  iron,  and  in  so  doing  produces  enough  of  heat  to 
keep  the  iron  in  a  melted  state  till  it  is  brought  to  the  malleable 
condition;  it  is  then  run  into  laige  ingots,  which  are  hammered 
and  rolled  in  the  usual  way.  This  process  has  been  most  success- 
fill  when  applied  to  pig  iron  that  is  free  from  sulphur  and  phos* 
pboros,  sndi  as  that  of  Sweden  and  Nova  Scotia. 

Strength  and  toughness  in  bar  iron  are  indicated  by  a  fine,  close, 
uid  uniform  fibrous  structure,  free  from  all  appearance  of  ciystal* 
lization,  with  a  clear  bluish-grey  colour  and  silky  lustre  on  a  torn 
sor&ce  where  the  fibres  are  shown. 

Plate  iron  of  the  best  kind  consists  of  alternate  layers  of  fibres 
cRKsliig  each  other,  and  ought  to  be  nearly  of  the  same  tenacity  in 
ftU  directions. 

Malleable  iron  is  distinguished  by  the  property  of  welding:  two 
pieces,  if  raised  nearly  to  a  white  heat  and  pressed  or  hammered 
firmly  together,  adhering  so  as  to  form  one  piece.  In  all  operations 
of  ToUing  or  forging  iron  of  which  welding  forms  a  ftart,  it  is 
esBential  that  the  surfiices  to  be  welded  should  be  brought  into 
close  contact,  and  should  be  perfectly  clean  and  free  from  oxide  of 
iron,  cinder,  and  all  foreign  matter. 

In  all  cases  in  which  several  bars  are  to  be  &gotted  or  rolled 
into  one  attention  shoidd  be  paid  to  the  manner  in  which  they  are 
'Affiled"  or  built  together,  so  that  the  pressure  exerted  by  the 
Ittmmer  or  the  roUers  may  be  transmitted  through  the  whole  mass. 
If  this  be  n^lected,  the  finished  bar  or  other  piece  may  show  flaws 
marking  the  divisions  between  the  bars  of  the  pile  (as  is  often 
ttempMed  in  rails). 

Wrought  iron,  although  it  is  at  first  made  more  compact  and 
tttoiig  by  reheating  and  hammering,  or  otherwise  working  it,  soon 
i^caches  a  state  of  maximum  strength,  after  which  all  reheating  and 
working  rapidly  makes  it  weaker  (as  will  afterwards  be  shown  by 
examples).  Good  bar  iron  has  in  general  attained  its  maximum 
strength;  and  therefore,  in  all  operations  of  forging  it,  whether  on 
&  gnat  or  small  scale,  by  the  steam-hammer  or  by  that  in  the 
Wd  of  the  blacksmith,  the  desired  size  and  figure  ought  to  be 
gi^en  with  the  least  possible  amount  of  reheating  and  working. 

It  is  still  a  matter  of  dispute  to  what  extent  and  under  what 
^^^i^^^omstances  wrought  iron  loses  its  fibrous  structure  and  tough* 
1^  and  becomes  cryetaUine  and  brittla  By  some  authorities  it 
^  asserted  that  all  shocks  and  vibrations  tend  to  produce  that 
^^^^Si^'y  others  maintain  that  only  sharp  shocks  and  vibrations  do 
^\  and  others,  that  no  such  change  takes  place;  but  that  the  same 
piece  of  iron  which  shows  a  fibrous  fracture,  if  gradually  broken  by 
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a  steady  load,  will  show  a  ciystalline  fracture,  if  suddenly  broken 
by  a  sharp  blow.  The  author  of  this  work  at  one  time  mtkde  a 
ooUection  of  several  journals  of  railway  carriage  a3de8y  which,  afl<er 
running  for  two  or  three  years,  had  broken  spontaneously  by  the 
gradual  creeping  inwards  of  an  invisible  crack  at  the  shoulder.  The 
fracture  of  every  one  of  these  was  wholly  or  almost  wholly  fibrous  ; 
while  other  axles  from  the  same  works,  when  broken  hj  the 
hammer,  showed  some  a  fibrous  and  others  a  crystalline  fractarcL* 
It  is  certain,  at  all  events,  that  iron  ought  to  be  as  little  as  poaedble 
exposed  to  shaip  blows  and  rattling  vibrations. 

It  is  of  great  importance  to  the  strength  of  all  pieces  of  forged 
iron  that  the  eoniinuUy  of  the  fibres  near  the  surfiakce  should  be  as 
little  interrupted  as  possible ;  in  other  words,  that  ihe  fibres  near 
the  sur&ce  should  lie  in  layers  parallel  to  the  sur&oe.     This 
principle  is  illustrated  by  the  results  of  some  experiments  made  by 
the  author  of  this  work  on  the  fracture  of  axles.     Two  cylindrical 
wrought  iron  railway  carriage  axles,  one  rolled,  the  other  £igotted 
with  the  hammer,  of  four  inches  in  diameter,  were  taken ;  a  pair 
of  journals  of  two  inches  in  diameter  were  formed  on  the  ends  of 
each  axle,  one  journal  being  reduced  to  the  smaller  diameter 
entirely  by  turning,  so  that  the  fibres  at  the  shoulder  did  not  follow 
the  surface,  and  the  other  as  far  as  possible  by  forging  with  the 
hammer,  only  one-sixteenth  of  an  inch  being  tun^  off  in  the 
lathe  to  make  it  smooth,  so  that  the  fibres  at  the  shoulder  followed 
the  surfiu^e  almost  exactly.     All  the  journals  were  then  broken  off 
by  blows  with  a  16  lb.  hammer;  when  those  whose  diameters  had 
been  reduced  by  turning  broke  off  with  the  first  blow ;  and  of 
those  which  had  been  drawn  down  by  forging,  that  of  the  rolled 
axle  broke  off  with  the  fifth  blow,  that  of  the  hammered  axle  with 
the  eigJuh,  ■  {Proceedings  of  the  Inst  of  Civil  Engineers,  1843.) 

Another  important  principle  in  designing  pieces  of  foiged  iron 
which  are  to  sustain  shocks  and  vibrations,  is  to  avoid  as  much 
as  possible  abrupt  variations  of  dimensions  and  angular  figures, 
es])ecially  those  with  re-entering  angles;  for  at  the  points  wheie 
such  abrupt  variations  and  angles  occur  fractures  are  apt  to 
commence.  If  two  parts  of  a  shaft,  for  example,  or  of  a  beam 
exposed  to  shocks  and  vibrations,  are  to  be  of  different  tiiickneses, 
they  should  be  connected  by  means  of  curved  surfaces,  so  that  the 
chaiige  of  thickness  may  take  place  gradually,  and  without  re- 
entering angles. 

356.  Sicei  and  steeif  Traa. — Steel,  the  hardest  of  the  metals  and 
the  strongest  of  known  substances,  is  a  compound  of  iron  with  from 

*  Full-aized  drawings  of  the  fractared  surfaces  of  several  of  these  axles  an  ia  the 
on  of  the  InatituUon  of  Civil  Englneerv. 
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ii'5  to  1*5  per  cent,  of  its  weight  of  carbon.  These,  aooording  to 
most  authotitieSy  are  the  only  essential  constituents  of  steeL  (See 
Article  350,  p.  497.) 

The  term  "  steely  iron,**  or  "  semi-steel,"  may  be  applied  to  com- 
pounds of  iron  with  less  than  0*5  per  cent  of  carbon.  They  are 
intermediate  in  hardness  and  other  properties  between  steel  and 
malleable  iron. 

In  general^  such  compounds  are  the  harder  and  the  stronger,  and 
also  the  more  easily  fusible,  the  more  carbon  they  contain ;  those 
kinds  which  contain  less  cai'bon,  though  weaker,  are  more  easily 
welded  and  forged,  and  from  their  greater  pliability  are  the  fitter 
for  stractures  that  are  exposed  to  shocks. 

Impurities  of  different  kinds  affect  steel  injuriously  in  the  same 
way  with  iron.     (See  Article  351,  p.  497.) 

There  are  certain  foreign  substances  which  have  a  beneficial  effect 
on  ateeL  One  2,000th  part  of  its  weight  of  silicon  causes  steel  to 
cool  and  solidify  without  bubbling  or  agitation;  but  a  larger  pro- 
portion is  not  to  be  used,  as  it  would  make  the  steel  brittle.  The 
presence  of  manganese  in  the  iron,  or  its  introduction  into  the 
crucible  or  vessel  in  which  steel  is  made,  improves  the  steel  by 
increasing  its  toughness  and  making  it  easier  to  weld  and  forge ; 
but  whether  the  manganese  remains  in  combination  with  the  iron 
and  carbon  in  the  steel,  or  whether  it  produces  its  effects  by  its 
temporary  presence  only,  is  not  known  with  certainty. 

Steel  is  distinguished  by  the  property  of  tempering;  that  is  to 
say,  it  can  be  hardened  by  sudden  cooling  from  a  high  temperature, 
and  ao^ned  by  gradual  cooling;  and  its  degree  of  hardness  or  soft- 
ness can  be  regulated  with  precision  by  suitably  fixing  that  temper- 
ature. The  ordinary  practice  is,  to  bring  all  articles  of  steel  to  a 
high  degree  of  hardness  by  sudden  cooling,  and  then  to  soften  them 
more  or  less  by  raising  them  to  a  temperature  which  is  the  higher 
the  softer  the  articles  are  to  be  made,  and  letting  them  cool  very 
gmdually.  The  elevation  of  temperature  previous  to  the  "  anneal- 
ing" or  gradual  cooling  is  produced  by  plunging  the  articles  into  a 
bath  of  a  fusible  metallic  alloy.  The  temperature  of  the  bath 
rang^  from  430°  to  560"^  Fahr. 

It  is  supposed  that  hard  steel  is  analogous  to  granular  white  cast 
iron,  being  a  homogeneous  chemical  compound  of  iron  and  carbon; 
ihat  soft  steel  is  analogous  to  grey  cast  iron,  and  is  a  mixture  of  a 
carburet  of  iron  containing  less  carbon  than  hard  steel  with 
another  carburet  containing  more  carbon;  and  that  slow  cooling 
favours  the  separation  of  those  two  carburets^ 

Steel  is  made  by  various  processes,  which  have  of  late  become 
very  numerous.  They  may  all  be  classed  under  two  heads,  viz., 
adding  carbon  to  malleable  iron,  and  abstracting  carbon  from  casi 
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iroiL  The  former  class  of  processes,  though  the  more  complex, 
laborious,  and  expensive,  is  preferred  for  making  steel  for  cutting 
tools  and  other  fine  purposes,  because  of  its  being  easier  to  obtain 
malleable  iron  than  cast  iron  in  a  high  state  of  purity.  The  latter 
class  of  processes  is  the  best  adapted  for  making  great  masses  of 
steel  and  steely  iron  rapidly  and  at  moderate  expense.  The 
following  are  some  of  the  processes  employed  in  in«.lnTig  different 
kinds  of  steel : — 

I.  Blister  Sted  is  made  by  a  process  called  ''  eementatum^  which 
consists  in  imbedding  bars  of  the  purest  wrought  iron  (such  as  that 
manufactured  by  charcoal  from  magnetic  iron  ore)  in  a  layer  of 
charcoal,  and  subjecting  them  for  several  days  to  a  high  tempei^ 
ature.  Each  bar  absorbs  carbon,  and  its  sur&ce  becomes  converted 
into  steel,  while  the  interior  is  in  a  condition  intermediate  between 
steel  and  iron.  Cementation  may  also  be  performed  by  exposing 
the  surface  of  the  iron  to  a  current  of  carburetted  hydrogen  gas  at 
a  high  temperature.  Cementation  is  sometimes  applied  to  the 
surfaces  of  articles  of  malleable  iron  in  order  to  give  them  a  skin 
or  coating  of  steel,  and  is  called  "  oase-hcmlenitig,^ 

II.  Shear  Sted  is  made  by  breaking  bars  of  blister  steel  into 
lengths,  making  them  into  bundles  or  fagots,  and  rolling  them  ont 
at  a  welding  heat,  and  repeating  the  process  until  a  near  approach 
to  uniformity  of  composition  and  texture  has  been  obtained.  It  is 
used  for  various  tools  and  cutting  implements. 

III.  Cast  Sted  is  made  by  melting  bars  of  blister  sted  in  a 
crucible,  along  with  a  small  additional  quantity  of  carbon  (usually 
in  the  form  of  coal  tar)  and  some  manganese.  It  is  the  purest, 
most  uniform,  and  strongest  steel,  and  is  used  for  the  finest  cutting 
implements. 

Another  process  for  making  cast  steel,  but  one  requiring  a  higher 
temperature  than  the  preceding,  is  to  melt  bars  of  the  purest 
malleable  iron  with  manganese  and  with  the  whole  quantity  of 
carbon  required  in  order  to  form  steeL  The  quality  of  the  steel 
as  to  hardness  is  regulated  by  the  proportion  of  carbon.  A  sort  of 
serai-steel,  or  steely  iron,  made  by  this  process,  and  containing  a 
small  proportion  of  carbon  only,  is  known  as  homogeneous  metal. 

lY.  Sted  made  by  the  air  bCast  is  produced  from  molten  pig  iron 
by  Mr.  Bessemer's  process  (Article  355,  p.  504)  in  two  ways; 
either  the  blowing  of  jets  of  air  through  the  iron  is  stopped  at  an 
instant  determined  by  experience,  when  it  is  known  that  a 
quantity  of  carbon  still  remains  in  the  iron  sufficient  to  make  steel 
of  the  kind  required,  or  else  the  blast  is  continued  until  the  carbon 
is  all  removed,  so  that  the  vessel  is  full  of  pure  malleable  iron  in 
the  melted  state,  and  carbon  is  added  in  the  proper  proportion, 
along  with  manganese  and  silicon.     The  steel  thus  produced  is  run 
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into  lai^  ingots,  which  are  hammered  and  tolled  like  blooms  of 
wrought  iron. 

TT.  Puddled  Sted  is  made  by  puddling  pig  iron  (Article  355, 
pw  ^04),  and  stopping  the  process  at  the  instant  when  the  proper 
quantity  of  carbon  remaina  The  bloom  is  shingled  and  rolled  like 
biar  iron. 

'VL  GrrarmUUed  Sted  (the  invention  of  Captain  Uchatius)  is 
made  by  running  melted  pig  iron  into  a  cistern  of  water,  over  a 
vlieel,  which  dashes  it  about  so  that  it  is  found  at  the  bottom  of 
the  cistern  in  the  form  of  grains  or  lumps  of  the  size  of  a  hazel  nut, 
or  thereabouta.  These  are  imbedded  in  pulverized  hematite,  or 
apany  iron  ore,  and  exposed  to  a  heat  sufficient  to  cause  part  of 
4e  oxygen  o£  the  ore  to  combine  with  and  extract  the  carbon 
from  the  saperficial  layer  of  each  of  the  lumps  of  iron,  each  of 
^hich  is  reduced  to  the  condition  of  malleable  iron  at  the  surface, 
VhiJe  its  heart  continues  in  the  state  of  cast  iron.  A  small  ad- 
^Htxonal  quantity  of  malleable  iron  is  produced  by  the  reduction 
^  the  ore.        These   ingredients  being  melted  together,  produce 

There  are  other  processes  for  making  steel  and  steely  iron  of 
VL'ch  the  details  axe  not  yet  publicly  known. 

357.  wn  nMjifc  «^  W^Mvght  iTMi  mmA  simL — ^Wrought  iron,  like 
^hiOQS  sabstances  in  general,  is  more  tenacious  along  than  acros 
the  fibres  '  and.  its  tenacity  is  greater  than  its  resistance  to 
enuhinir.  The  efiect  of  the  latter  difference  on  the  best  forms 
of  eross-section  for  beams  has  already  been  considered  in  Article 
164  pp.  256  to  2^9,  and  will  be  further  illustrated  in  the  sequel. 

lie  ductility    of  wrought  iron  often    causes  it  to  yield  by 
jesrees  to  a  load^  so  that  it  is  difficult  to  determine  its  strength 

with  precisioTi* 

Wrooi^ht  iroxi  has  its  longitudinal  tenacity  considerably  in- 
Mgged  by  rollin^^  and  wire-drawing;  so  that  the  smaller  sizes  of 
bars  are  on  tlie  -whole  more  tenacious  than  the  larger ;  and  iron  wire 
is  moie  tenacioxis  still,  as  the  figures  in  the  table  of  tenacity  at  the 
end  of  the  volume  show. 

Wiotieht  iron  is  weakened  by  too  frequent  reheating  and  forging ; 
80  that  even  in  the  best  of  large  foigings,  the  tenacity  is  only 
about  QireBrfawrihe  of  that  of  the  bars  from  which  the  forgings  were 
made,  and  sometimes  even  less. 

As  to  the  ^'Bct  ofheaL  on  the  strength  of  wrought  tron,  it  has 
been  shown,  by  Mr.  Fairbaim  (Useful  InformaHon  for  Engineers, 

aeoond  aerieB) : — 

L  That  the  tenacity  of  ordinary  hoUer  plate  is  not  appreciably 
^miuiahed  at  a  temperature  of  395^  Fahr.,  but  that  at  a  dull  red 
heat  it  is  diminished  to  about  three-fourths. 
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II.  That  the  tenacity  of  good  rivet  iron  increases  with  eieration 
of  temperature  up  to  about  320^  Fahr.,  at  which  point  it  is  about 
one-third  greater  than  at  ordinary  atmospheric  temperatures;  and 
that  it  then  diminishesy  and  at  a  red  heat  is  reduced  to  little  more 
than  one-half  of  its  value  at  ordinaiy  atmospheric  temperatures. 

The  resistance  of  iron  rivets  to  shearing  is  nearly  the  same  with 
the  tenacity  of  the  best  boiler  plates. 

As  to  the  strength  of  wrought  iron  to  resist  cmaluiig,  see 
Article  157,  p.  237. 

Numerous  experiments  have  been  made  on  the  tenacity  of  steel; 
but  its  other  kinds  of  strength  have  been  very  little  investigated. 
Its  tenacity,  like  that  of  bar  iron,  is  increased  by  rolling  and  wire- 
drawing. 

The  experiments  already  quoted  in  the  note  to  Article  142, 
p.  221,  have  shown  that  the  proof  strength  of  wrought  iron  ia 
almost  exactly  one-third  of  the  breaking  load. 

The  tables  at  the  end  of  the  volume  give  only  average  or  extreme 
results  as  to  the  strength  of  wrought  iron  and  steel;  and  therefore 
the  following  tables  are  here  annexed,  in  which  more  details  are 
given,  but  still  in  a  veiy  condensed  form,  chiefly  on  the  authority 
of  Mr.  Fairbaim,  Mr.  Hodgkinson,  and  Messrs.  R.  Ni^ier  and 
Sons.    (See  also  Addenda,  p.  xvi.) 

Table  of  the  Tekacttt  of  Wbouoht  Iboit  ahd  Steel. 

Description  of  MateriiL  '^f^^.  ^.  ^^  per  Square  Inch.     Ultiniite 

'^  Lflogtnwiae.        CruMwiMi         Extenaon. 

Malleable  Iron. 

Wire — ^Average, 86,ooo      T. 

Wire — ^Weak, 71,000  Ma 

Yorkshire  (Lowmoor),...  64,200      F.    52,490  F. 

„  from  66,390  )  ^  ( o'20 

to  60,075/^^-  )o-26 

Yorkshire  (Lowmoor)] 

and      Staffordshire  >  59,740      F.  ©•2too*25 

rivet  iron, j 

Charcoal  bar, 63,620      F.  0*2 

Staffordshire  bar,...  from  62,231  )  ^^  f '302 

to  56,715/  Vr86 

Yorkshire  bridge  iron,...  49,930      F.  43,940  F.        -04; -oap 

Staffordshire  bridge  iron,  47,600      F.  44,385  •04;  '036 

Lanarkshire  bar,...  from  64,795  )  ig-  /  '158 

to  56,655/ ^'  V238 


53 
133 
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Table — coniimjied, 

■^       .  ..     ^  ir-*,^.!  Tenacity  in  llWi  per  Square  Inch.     UltiniAto 

Docriptioii  of  HatariiL  Lengthwise.  Croawriso.        Extention. 

liancaahire  bar, ....  from  6o,iio  \-kt  ( '169 

to  53,775/     •  (-216 

Swedish  bar, from  48,232  )  1^  j  '264 

to  47,855  J  I  '91S 

Russian  bar^ from  56,805  )  ig-  j  'i 

to  49.564/  I -I 

Bashelled  iron    ftom )  o^a     -ht  ££ 

tunings.....* I  55.878     K  -166 

Hajnmered  scrap, 53,42o     N.  '248 

Strape  from  vari- )  from  55,937  \  ^  f  'loS 

ons  districts,...  I       to  41^386  J      *  (  '048 

Bessemer*s  iron,   cast )  -vrr 

ingot, }  '♦''»'»»    ^- 

Bessemer's  iron,  ham-  )  ^    ^r        -rrr 

mered  or  rolled,  ....  f  ^^'^^^     ^• 

Bessemer^s  iron,  boiler  )  ,0  tit 

plate, .^ }  ^^'319    W. 

Yorkshire  plates,...  from  58,487  )  j^  5S,033  In/  *^°9;  "059 

to  52,000/     *  46,221/     *  1 '170;  •113 

Staffordshire  plates,  from  5^,996  1  tj   51,251  j  ^^   | -04;    -034 

to  46,404/        44,764/     •1*^3;    -059 

Staffordshire     plates, )         ^  t,  x*  -  - 

l«rt-bert,   chiicoaj }  45.0IO      F.  4i,4ao      F.      -05;    -045 

Staffordshire  )  from  59,820      F.  54,820      P.      -05;    '038 

plates,  best-best,  /      to  49,945      F.  46,470      F.      -067; -04 

Staffordshire  plates,  best,  61,280      F.  53,820      F.      '077; '045 

Staffordshire      plates, )  ^o  -d^o^v 

common, ./  ^0,820      F.  52,825      F.      -05;    -043 

Lancashire  plates, 48,865      F.  45,015      F.      '043;  -028 

Unarkshire  plates,  from  53,849  )  ^^   48,848  \  -kt    i  '033;  -014 

to  43,433  /      *  39,544  /      *   I  "093;  '046 

Ihiiham  plates^ 51,245     N.  46,712  '089; '064 

ifects  ofLeJieating  and  Rolling, 

Paddled  bar, 43,904 

The  same    iron    five  \ 

timespiled,  reheated  >  61,824 

and  rolled, j  )-  C. 

The  wme  iron  eleven  \ 

timespiled,  reheated  ^  43,904 

and  rolled, j 
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Table — (xmtinueaL 


n..^»*t^  ^f  liT.^^.i  Tenacity  in  lbs.  per  Sqnan  IndL     Ultiniato 

Dewnption  or  lUteriaL  LengthwiM.  Cn»w».        EitaaoL 


S^ength  of  Large  Forginga, 
Bars  cut  out  of 


270 
168 


ITS    cut    out    of)   -  ^  ^o^  \  f  . 

Bars  cut  out  of  large  )  ,         jj^ 

fprgiDgs, /      ^^' 


Steel  akd  Steely  Ibok. 

Cast  steel  bars,  rol- )  from  132,909  \  -^                         /  "^5^ 

led  and  forged,  J      to     92,015  j  *                         (  '153 

Cast  steel  bsms,  rolled  )     t^qooo  R 

and  forged, J      ^' 

^tSanJ^U": }    "*'»'«     ^'  -^ 

Bessemer*s  steel  bars,)     ,,,  .4:^     w  ^mm 

roUed  and  foiled,...  I    "'"K5o     N.  X.S5 

Bessemer's  steel  bara, )  ^  ™. 

cast  ingots, j  ^'     ^ 

Bessemer's  steel  bars,)  reaoia  "W 

hammered  or  rolled,  j  ^  '^  .    * 

^rrs:  .."!**'}  93.000  p. 
^ri^fo^:^...'"!^}  «9.7»4  N. 

SS^J!      ..   .  I      *"  6468}^-  {x^i 

Puddled    steel     bars,  1  p 

rolled  and  forged,...  j  ^  ' 

Puddled    steel    bars,  )  ^j  *te?o     M 

rolled  and  forged,...;  ^^'^Sa     Ja. 

Mushet's     gun-metal,...  103,400      F.  0*034 

Cast  steel  plates,....  from  94,289  )  ^^   9^>3<>S  I  -m^    ("057; -096 

to  75,594/     •69,082/^-  X'ls^yi^^ 
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Table— conffnt<0dl 

DescnptSon  of  UateriaL       Tcotdty  in  H*  per  Sqnan  Inch.  intim«te 

^^  *^      mwwiw.  Lengthwise.        CiOMwise.  Extanaon. 

Oast  steel  plates,....  hard   102,900  )  ^  (  '031 

soft      85,400  j     *  t  '^3^ 

Homogeneous     metal )      ^        o  1         ,-    -•    1  I     - 

pW,8econdqualit7, ;      ?*'^^^)         ?3,58oj  (-059; -032 

Paddled    steel )      from  102,593  )  ^^j   85,365  \  j^    (  -028;  013 

plates, /         to    71,532/        67,686/  ^'  \  -082; -057 

Paddled  steel  plates, 93»6oo      F.  0*125 

In  the  preceding  table  the  foUowing  abbreTiatlons  are  used  for 
the  names  of  authorities : — 

C,  Clay;  F.,  Fairbaim;  H.,  Hodgkinson;  M.,  Mallet;  Mo., 
Morin;  N.,»  Napier  &  Sons:  R,  Rennie:  T.,  Telford:  W., 
Wihnoi 

The  column  headed  "Ultimate  Extension'*  gives  the  ratio  of  the 
elongation  of  the  piece  at  the  instant  of  breaking  to  its  original 
length.  It  famishes  an  index  (but  a  somewhat  vague  one)  to  the 
ductUily  of  the  metal,  and  its  consequent  safety  as  a  material  for 
i^ensting  shocks.  The  vagueness  arises  from  the  fact,  that  the 
elongation  of  a  bar  just  before  breaking  consists  not  so  much  of  a 
sti^etching  of  each  particle  as  of  a  permanent  draunng  otU,  with  a 
iiew  arrangement  of  the  particles;  and  that  it  bears  no  fixed  pro- 
portion, even  in  the  same  material,  to  the  original  length,  being 
proportionallj  greater  for  short  than  for  long  bars.  It  is  probable 
that  it  depends  on  the  thickness  of  the  piece  as  well  as  on  its 
length. 

When  two  numbers  separated  hj  a  semicolon  appear  in  the 
colunm  of  ultimate  extension  (thus  -082 ;  -057),  the  first  denotes 
the  ultimate  extension  lengthwise,  and  the  second  crosswise. 

3^8.  BMUtoBoe  •f  irmt  and  Steel. — In  order  to  obtain  an  exact 
measure  of  the  capacity  of  a  material  for  resisting  shocks  by 
^fi'Mum,  the  modtUtis  of  dasticitj/y  as  well  as  the  tenacity,  must  be 
known;  and  then  the  modulus  0/ resilience  (whose  nature  and  use 
have  been  expkined  in  Article  149,  p.  227,  and  Article  173, 
p.  279)  can  be  computed  in  inch-pimnds  to  the  cubic  inch,  by 
dividing  the  sqiuire  o/the  proof  teruicity  by  the  modulus  of  elasticity. 
^OT  iron  and  steel,  the  proof  tenacity  may  be  estimated  at  one- 
^rd  of  the  vUimate  teTiadty. 

The  experiments  whoee  extreme  resnlts  are  marked  N«  were  condncted  for 
^««n.  B.  Napier  &  Sona,  by  Mr.  Kirluldy.  For  deUUe,  see  Tranaadiom  qfOa 
'«itaitfiM  iffEiipneen  in  Scoiitmd,  185S-9. 
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The  following  table  gives  some  ezampleB  of  such  oompata- 
tions:— 

Tcnadtj.    TcMdtjr.      n,,tj^jjt-,    K«saia». 


Cast  iron— Weak, 1 3,400  4,467  14,000,000     i  '425 

„          Average, 16,500  5,500  17,000,000     178 

„          Strong, 29,000  9,667  22,900,000     4-08 

Bar  iron— Good  average,  60,000  20,000  29,000,000  13*79 

Plate  iron — Grood  average,  50,000  16,667  24,000,000?  11-57! 

Iron  Wire— Good  average,  90,000  30,000  25,300,000  35*57 

Steel — Soft, 90,000  30,000  29,000,000  31*03 

„       Hard, 132,000  44,000  42,000,000  46*10 

To  express  the  power  of  resisting  shocks  hy  compresnony  the 
resistance  to  crashing  might  be  substitated  in  these  calcolations 
for  the  tenacity;  but  owing  to  the  indirect  manner  in  whidi 
fracture  by  crushing  takes  place,  the  result  would  be  of  veiy 
doubtM  accuracy. 

.  359.  CMMstoM  and  Preaervatloa  ^f  Irra* — On  this  poini^  see 
Article  330,  p.  462,  where  some  of  the  best  methods  of  preserving 
the  surface  of  iron  from  oxidation  have  already  been  mentioned. 

Cast  iron  will  often  last  for  a  long  time  wi^out  rusting,  if  care 
be  taken  not  to  injure  its  skin,  which  is  usually  coated  widi  a  film 
of  silicate  of  the  protoxide  of  iron,  produced  by  the  action  <^  the 
sand  of  the  mould  on  the  iron.  Chilled  sur&ces  of  castings  are 
without  this  protection,  and  therefore  rust  more  rapidly. 

The  corrosion  of  iron  is  more  rapid  when  partly  wet  and  partly 
diy  than  when  wholly  immersed  in  water  or  wholly  exposed  to 
the  air.  It  is  accelerated  by  impurities  in  water,  and  especially  by 
the  presence  of  decomposing  organic  matter,  or  of  free  acids.  It  is 
also  accelerated  by  the  contact  of  the  iron  with  any  metal  wMch  is 
electro-negative  relatively  to  the  iron,  or  in  other  words,  has  less 
affinity  for  oxygen,  or  with  the  rust  of  the  iron  itself  If  two 
portions  of  a  mass  of  iron  are  in  different  conditions,  so  that  one 
has  less  affinity  for  oxygen  than  the  other,  the  contact  of  the 
foimer  makes  the  latter  oxidate  more  rapidly.  In  general,  hard 
and  crystalline  iron  ia  less  oxidable  than  ductile  and  fibrous  iron. 

Cast  iron  and  steel  decompose  rapidly  in  warm  or  impure  sea- 
water. 

Pieces  of  iron  which  are  kept  constantly  in  a  state  of  vibratiou 
oxidate  less  rapidly  than  those  which  are  at  rest;  for  example,  the 
rails  of  a  railway  on  which  a  constant  traffic  nms  rust  mudli  more 
slowly  than  those  on  which  there  is  little  or  no  traffia 

(See  Mallet  "  On  the  Corrosion  of  Iron,**  in  the  Sqforte  qfthe 
British  Asaociaiicn  for  1843  and  1849.) 
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aaoBoa  IL— ^  Iron  Fastening 

MO.  WtHmm  are  made  of  tlie  most  toi^  and  daetile  ziob.  (Sea 
"  Bivet  Iron/'  in  the  preceding  tables  of  stareDgtb.)  In  order  that 
ft  met  may  connect  two  or  more  layers  cf  pk^»a  or  flat  bare 
finaly,  and  in  order  tJiat  the  shearing  stress  Inrooght  to  bear  on  the 
ri?et  by  afotce  tending  to  pnli  the  pktes asonder  maybe  nniformly 
dietribated  thronghoat  the  sectional  area  of  the  rivets  it  is  essential 
that  the  rivet  riionld  tightly  fit  its  hola  The  ksgitttdinal  oom- 
presBion  to  wliich  the  rivet  is  subjected  during  the  formation  of  its 
hesd,  whether  by  hand  or  by  machinery,  tends  to  produce  that 
resQltb 
The  ordinanr  dimensLons  of  rirets  in  practice  are  as  follows : — 
Diamder  of  a  rivet  for  plates  less  than  half  an  inch  thick, 

about  double  the  thickness  of  the  plata 
Por  plates  of  half  an  inch  thick  and  upwards,  about  onoe  and 

Srhalf  the  thickness  of  the  j^ta 
Length  qfa  rivet  before  clenching,  measuring  from  the  head  == 
sun  of  the  thickness  of  the  plates  to  be  connected  +  2^  X 
diameter  of  the  rivet. 
Inasmuch  as  the  resistance  of  rivets  to  shearing  is  nearly  the 
■one  with  the  tenacity  of  good  iron  plates  (50,000  lb&  per  square 
inch,  or  thereabouts),  the  distance  apart  of  the  rivets  used  to 
connect  two  pieces  of  plate  iron  togeuier  is  regulated  bv  the  rule, 
^t  the  joint  aectional  area  qfthe  rivets  ahaU  he  equal  to  ike  eectumal 
ovw  ofpUUe  left  after  punching  the  rivet  holes.    This  rule  leads  to 
tlie  following  algebraiod  formula . — 

Let  t  denote  the  thickness  of  the  plate  iron, 
dy  the  diameter  of  a  rivet, 
fi^  the  number  of  rows  of  rivets, 

it  being  understood  that  the  rivets  whidi  ibrm  a  row  stand  in  a  Bne 
Perpendicular  to  the  direction  of  the  tension  which  tends  to  puU 
^e  plates  asunder. 

6,  the  distance  from  centre  to  centre  of  the  adjoining  rivets 
in  one  row;  then 

c  =  rfH ^ (1.) 

Eeu^i  plate  is  weakened  by  the  rivet  holes  in  the  ratio 

o—d_     -786^7$  d  .ov 

e     -^  t  + -785^  n  d' ^^ 

In  <<smgle-r] vetted"  jamts^  n  s  1 ;  in  '^  doable-iivstted'*  joints 
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n  ^  2,  and  the  two  rows  of  rivets  form  a  zig-zag;  in  ^ chain- 
rivetted**  joints,  n  may  have  any  value  greater  than  1.  A  single- 
rivetted  joint  is  weakened  by  unequal  distribution  of  the  tension 
in  the  ratio  of  4:5. 

Suppose  that  in  a  chain-rivetted  joint  the  distance  e  from  centre 
to  centre  of  the  rivets  is  fixed,  so  as  not  to  weaken  the  plates 
below  a  given  limit ;  then  in  oi'der  to  find  how  many  rows  of  rivets 
there  should  be, — in  other  words,  how  many  rivets  there  should  be 
in  each  file, — the  following  formula  may  be  used : — 

{c-d)i 
^  -  -7854  ifi' ^"^'^ 

361.  PiB%  Keyvy  Midi  WeJgcfr — These  fiistenings  are,  like  rivets, 
themselves  exposed  to  a  shearing  stress,  while  they  serve  to  trans- 
mit a  pull  or  thrust  from  one  piece  of  an  iron  frame  to  another; 
and  the  rule  for  determining  their  proper  sectional  area  ia  the  same, 
with  this  modification  only,  that  if  a  pin,  key,  or  wedge  is  not  held 
perfectly  tight  in  its  seal^  the  shearing  stress,  insteeul  of  being 
uniformly  distributed  throughout  its  sectional  area,  will  be  more 
intense  at  the  central  layer  of  the  section  than  elsewhere,  being 
distributed  according  to  the  laws  explained  in  Article  168,  p.  266, 

The  ratio  in  whi<£  the  maximum  intensity  of  the  shearing  stress 
exceeds  its  mean  intensity  is  the  quantity  denoted  by  ^q  A  ^  F  in 
the  table,  p.  267 ;  its  two  most  important  values  in  practice  being 
the  following : — 

3 
For  rectangular  keys  and  wedges, ^; 

4 
For  circular  or  elliptical  pins, ^; 

and  the  sectional  area  of  the  fastening  is  to  be  increased  in  this 
proportion  beyond  what  would  be  necessaiy  if  the  stress  were 
uniformly  distributed. 

In  order  that  a  wedge  or  key  may  be  safe  against  slipping  out  of 
its  seat,  its  angle  of  obliquity  ought  not  to  exceed  the  angle  of 
repose  of  iron  upon  iron,  which,  to  provide  for  the  contingency  of 
the  surfaces  being  greasy,  may  be  taken  at  about  4^  (Article  110, 
p.  172.) 

362.  Bttits  and  0cf«ws. — ^If  a  bolt  has  to  withstand  a  shearing 
stress,  its  diameter  is  to  be  determined  like  that  of  a  cylindrical 
pin.  If  it  has  to  withstand  tension,  its  diameter  is  to  be  determined 
by  having  regard  to  its  tenacity.  In  either  case  the  effective 
diameter  of  the  bolt  is  its  least  diameter ;  that  is,  if  it  has  a  screw 
on  it,  the  diameter  of  the  spindle  inside  the  thread.  i 
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The  projection  of  the  thread  is  usually  ane^half  of  the  pitch;  and 
the  piieh  should  not  in  general  be  greater  than  (me-fifik  qf  tha 
tffedwe  diameiery  and  maj  be  oonsiderablj  les& 

In  order  that  the  resistance  of  a  screw  or  screw-bolt  to  rupture 
by  stripping  the  thread  may  be  at  least  equal  to  its  resistance  to 
direct  tearing  asunder,  the  length  of  the  nut  should  be  iU  lecui  one- 
half  a£  the  effective  diameter  of  the  screw;  and  it  is  often  in 
practice  considerably  greater;  for  example,  once  and  a-half  that 
diameter. 

The  head  of  a  bolt  is  usually  about  twice  the  diameter  of  the 
spindle,  and  of  a  thickness  which  is  usually  greater  than  five- 
eighths  of  that  diameter. 

SscfnoN  IIL—Of  Iron  Ties,  Struts,  cmd  Beams. 


363.  V«nM  •f  iMB  Ban—- In  designing  ordinary  structures  of 
wrought  iron,  it  saves  time  and  expense  to  use  iron  bars  of  such 
fonns  of  cross-section  aa  are  usually  to  be  met  with  in  the  mar- 
ket    The  variety  of  those  forms  continually  increases  with  the 
demand  for  new  shapes;  but  an  engineer  should  avoid  introducing 
new  sections  for  hm  into  his  designs,  except  when,  by  so  doing, 
some  important  purpose  is  to  be  served,  or  some  decided  advantage 
to  be  gained. 
Amongst  themostcommonforms  of  rolled  bars  are  the  following  :-* 
Bound  uron,  with  a  circular  cross-section. 
Square  iron,  with  a  square  cross-section. 
Fkt  iron,  with  oblong  rectangular   cross-sections  of  various 

form& 
Half-round  and  convex  iron,  with  one  side  cylindrical  and  the 

other  flat. 
Angle  iron,  with  cross-sections  shaped  like  an  L,  of  various 

breadths,  depths,  and  thicknesses. 
T-iron,  with  cross-sections  shaped  like  a  T,  with  a  table  or  flange 

and  a  rib  of  various  dimensions. 
Double  T-iron,  or  H-iron,  or  I-shaped  iron,  with  a  web  and  two 
flanges,  of  various  dimension&     The  most  common  form  of 
railway  bars  belongs  to  this  dass. 
Channel  iron,  which  is  like  a  flat  bar  with  flanges  projecting 
from  both  of  its  edges,  but  in  one  direction  only,  so  that  if 
laid  with  the  flat  bcur  downwards  it  is  like  a  trough  or  rect- 
angular channel 
Bulb  iron,  which  is  like  a  flat  bar  with  a  cylindrical  thickening 

along  one  or  both  edgea 
The  "  Bridge  Bail,"  ^g.  229. 
The  "Barlow  Bail,"  %  230. 
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Bars  of  a  erow^shaped  seoiioa  axe  somethnes  tolled;  but  tlie 
figure  is  un£iiyou]:able  to  aonndneai  of  the  iron;  end  when  tbis 

form  of  section  is  required,  it  ie  best 

to  baild  it     In  general,  figures  for 

max  »   m  ixon  bsn  vbidt  cannot  be  roUed 

^gff^BSi         ^g^     ^^M     '^^^^^^  gi^cat  distortion  of  the  iron 

vifl.  «M  17&.  A«A         ought  to  be  avoided,  unless  there 

FIg:«W.  Fig.  280.        i^;?  special  raisons  fornsing  them. 

Angle  bare  and  plates  which  exceed  an  inch  in  thickness  are 
seldom  so  sound  as  those  of  leas  thickness.  Where  greater  thick- 
nesses are  required,  therefore,  it  is  in  genend  advisabLe  to  make 
them  by  building  small  thicknesses  together. 

364.  limi  Vtes  ought  in  almost  every  case  to  be  of  malleable  iron, 
as  it  has  about  three  times  the  tenacily  of  cast  iron. 

A  tie  may  consist  either  of  one  bar,  or  of  seyeral  bars  side  by 
side,  or  of  wires  lying  parallel  in  a  bundle  or  span  into  a  rope;  it 
may  be  in  one  I^ogth,  or  in  two  or  more  lengths  joined  together; 
if  the  lengths  are  numerous  and  short,  th^  become  IxtdeB^  and  the 
whole  tie  a  chain. 

I.  Plaie  Ircn  Ties. — ^The  best  mode  of  joining  two  lengths  of  a 
plate  iron  tie  is  by  means  of  a  fish-joint  chain-rivetted.     In  fig. 

S31  are  seeathe  ends  of  two  lengths  of  a 
plate  iron  tie,  meeting  at  the  dotted  line ; 
they  are  connected  by  means  of  a  fish- 
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.g.    281  piece  or  covering  platef  which  is  chain- 

^*  rivetted  to  each  of  the  pieces.      The 

principles  according  to  which  the  dimensions,  number,  and  arrange- 
ment of  the  rivets  are  to  be  determined  have  been  explained  in 
Article  360,  p.  dl^;  and  it  has  there  also  been  shown  to  what 
extent  the  ^ective  sectional  area  of  the  tie  is  diminished  by  the 
rivet  holes,  so  as  to  be  less  than  the  total  sectional  area. 

When  a  plate  iron  tie  is  built  of  several  layers^  they  should  break 
joint  with  each  other;  and  at  each  joint  there  should  be  either  a 
covering  plate  or  a  pair  of  covering  plates,  to  transmit  that  share  of 
the  texksion  which  belongs  to  the  layer  of  plates  in  which  the 
joint  occurs. 

II.  Tie-roda  or  Tie-hara  may  be  round,  square,  or  flat^  and  may 
be  made  &st  at  the  ends  by  pins  passing  through  round  eyes,  by 
wedges  driven  into  oval  eyes  or  slot^  or  by  screws  and  nuts.  The 
proportions  of  these  fastenings  have  been  considered  in  Articles 
361,  362,  pp.  516,  517.  Wedges  and  screws  admit  of  being  used 
to^hten  the  tia 

Vnien  an  eye  is  formed  on  the  end  of  a  tie>bar,  care  shoold  be 
taken  that  the  sides  of  the  eye  are  of  sufficient  strength  The 
tension  is  not  uniformly  distributed  in  them^  being  more  intense  at 
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tlie  inner  side  than  at  the  outer.  To  allow  lor  tliky  the  aeotional 
area  may  be  made  one-half  greater  than  would  be  neoeBaaiy  if  the 
tension  were  wufbrmly  distribated. 

HL  Compound  Tie-ban  and  FkU  Chains  are  made  of  lengths  or 
links,  each  consisting  of  flat  bars  placed  side  by  side,  and  connected 
together  by  means  of  eyes  and  pins,  as  in  the  side  -view,  fig.  232,  and 
"fiukj  fig.  232.*  Whether  it  is  desired  to  giye  stiffiiess  to  each 
individiial  bar  nr  flexibility  to  the  whole  diam,  the  bars  should  be 
OQ  ed^    13ie  numbers  of  bars  in  a  compound  Imk  are  odd  and 
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Fig.  282. 


even  aUemately;  thus^  in  the  figure,  the  links  A  and  0  consist  of 
odd  numbers  of  bars,  and  B  of  an  even  number.  The  dimensions 
of  the  pin  are  to  be  found  as  in  Article  361,  p.  516,  taking  care  to 
note  at  how  many  cross-sections  it  must  give  way  at  once  if  sheared 
across;  for  the  stress  is  distributed  amongst  iJiose  cross-sections. 
In  fi^.  232*  they  are  six  in  number.  As  to  the  eyes^  see  Division 
m  of  this  Article  above^ 

IV.  In  Ovaminied  Chains  it  is  essential  to  strength  that  each 
link  should  be  ]»evented  from  collapsing  by  a  stay  or 
croas-bar,  as  shown  in  fig.  233,  when  it  appears  by 
experiment  that  the  tension  is  uniformly  distributed 
over  the  cross-sections  of  the  two  sides-  of  the  link. 
Wlien  the  stay  is  omitted,  the  strength  of  the  chain 
18  xednoed  in  the  proportion  of 

85 :  100,  or  nearly  6 : 7. 

(Badow,  On  the  Sirenfftk  o/Maleriab,  Article  US.) 

T.  Wire  CaUes  are  sometimes  made  simply  of  a 
^lindiical  bundle  of  parallel  wires,  served  or  bound  iBig,  238. 
together  by  a  wire  wound  round  the  outside  of  the 
bundia  In  constructing  this  sort  of  tie,  great  care  is  necessary  in 
order  to  distribute  the  tension  equally  amongst  the  wires.  The 
tension  is  equally  distributed,  without  any  special  care,  in  tmfwisted 
vire  ropes  in  which  the  wi|«s  are  spun  into  strands,  and  the 
strands  into  ropes,  without  any  rotation  of  individual  wirea,  so  that 
the  fibres  are  all  untwisted,  and  all  equally  strained.  This  is  the 
strongest  kind  of  iron  tie  for  its  wei^t;  its  tenacity,  of  about 
dO,000  lbs.  per  square  inch  of  section,  being  equal  to  the  weigbt  of 
27,000  feet  of  its  own  length,  or  thereabouts. 
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The  best,  and  perhaps  the  only  safe,  mode  of  making  fast  Ae  end 
of  a  wire  rope  is  to  make  it  form  a  turn  or  loop  round  a  dead-eye, 
and  splice  it  into  itself:  this  is  the  only  fastening  which  is  as 
strong  as  the  rope. 

Wire  cables  require  special  care  to  protect  them  against  oxi- 
dation. 

VI.  Welded  Ties. — Iron  ties  have  been  lengthened  by  Bcacfing 
the  ends  of  the  two  pieces  together,  heating  them  to  a  welding  heat 
by  a  gas  flame,  and  welding  them  together  by  an  intense  presBora 
Data  are  wanting  to  determine  precisely  the  strength  of  this  sort  of 
joint.  In  an  experiment  on  the  bursting  of  a  cylindrical  plate  iitm 
welded  retort,  the  tenadiy  of  the  welded  joint  was  found  to  be 

30,750  lbs.  per  square  inch; 

or  probably  about  3-5ths  of  the  tenadiy  of  the  plate  iron 

VII.  In  proving  Iron  Ties,  they  may  safely  be  loaded  with 
ooe-half  of  the  instantaneous  breaking  load,  without  risk  of 
permanent  injury,  the  testing  load  being  only  applied  once; 
although  frequent  application  of  the  same  load  would  at  last 
break  the  ti& 

365.  CTMt  irmi  mnorn  sMd  PiUan. — Cast  iron,  from  its  great 
resistanoe  to  crushing,  is  peculiarly  well  suited  for  struts  and 
pillars,  especially  those  of  moderate  length.  The  best  form  for  a 
cast  iron  strut  or  pillar  containing  a  given  quantity  of  material  is 
that  of  a  hollow  cylinder.  The  laws  of  the  strength  of  such  pillars 
have  already  been  fuUy  explained  in  Article  158,  pp.  236  and  237. 
The  thickness  of  metal  in  them  is  seldom  less  than  one-twelfth  of 
the  diameter. 

Another  form  of  cross-section  commonly  adopted  for  cast  iron 
struts  is  that  of  a  cross,  fig.  234.  The  strength  of  such  struts  may 
be  computed  approximately  by  putting  for  the  co-efficient  a  in 
equations  4  and  5  of  Article  158,  p.  237,  a  value  greater  than  its 

value  for  a  hollow  cylinder,  in  the  same  proportion 

X. ^      ^  2i  cross-shaped  bar  is  more  flexible  than  a  hollow 

^/Mv/^'j\    \^    cylindrical  tube  of  the  same  diameter  and  sectional 
17-..]      ^j  *^**  is  to  say,  in  the  proportion  of  3  to  1 

Fig.  284.         ^^7' .  .  XV  *  •     41, 

By  similar  reasonmg,  it  appears  that  m  the  case 

of  a  hollow  square  cast  iron  strut,  whose  dungontd  is  equal  to  the 

diameter  of  the  cylinder,  the  co-efficient  a  is  to  be  increased  in  the 

ratio  of  3  to  4. 

Hence  we  have  the  following  approximate  foimulsa  for  the 

crushing  load  of  cast  iron  struts  in  lbs.  per  s^^uare  inch  qf  sectional 

area: — 
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Cross:  diameter  from  end  to  end  of  a )  »/%  a/^/v       ^    i     3  ^ 
pair  of  anns  =  A; /  ^^^^^  -^  ^  +  JoOP' 

Hollow  square j  diagonal  =  ^; 80,000  -t-  1  +  qooA2' 


Hollow  cylinder;  diameter-^  A; 80,000  -$-  1  + 


400^2- 


The  preoeding  formulae  refer  to  the  case  in  which  the  stmts  are 
fixed  in  direction  at  the  ends.  When  they  are  hinged  at  the  ends, 
the  second  term  of  each  divisor  is  to  be  made  four  times  as  gteat. 

In  order  to  give  lateral  stifihess  to  a  flat-ended  piUar,  its  ends 
ahoald  spread  so  as  to  form  a  capital  and  base,  whose  abutting  sur- 
&ces  should  be  "faced"  in  the  lathe,  or  planed,  to  make  them  exactly 
plane  and  perpendicular  to  the  axis  of  the  pillar.  For  the  same 
reason,  when  a  cast  iron  piUar  consists  of  two  or  more  lengths,  the 
ends  of  those  lengths  should  be  made  truly  plane  and  perpendicular 
to  the  axis  of  the  pillar  by  the  same  process,  so  that  they  may  abut 
flrmly  and  equally  against  each  other;  and  they  should  be  fastened 
togeUier  by  at  least  four  bolts  passing  through  projecting  flangea 

366.  WvMigkt  Mwm  mtnm  mmA  PUUwa. — ^The  principles  of  the 
strength  of  wrought  iron  struts  have  been  explained  in  Article  158, 
pp.  237,  238.  It  appears  from  the  formuke  deduced  by  Mr. 
(Gordon  from  Mr.  Hodgkinson's  experiments,  that  while  cast  iron 
is  the  better  material  for  a  pillar  whose  length  does  not  exceed  a 
certain  limit  as  compared  with  its  diameter,  wrought  iron  is  the 
better  material  when  the  length  exceeds  that  limit.  For  pillars 
with  fixed  ends,  that  limit,  according  to  the  formulse,  is  about  26 
times  the  diameter;  for  those  with  hinged  ends,  about  13  times; 
but  from  the  nature  of  ihe  calculation,  those  lesults  must  be 
r^jarded  as  roughly  approximate  only. 

In  order  to  stiffen  wrought  iron  struts,  they  are  made  of  various 
forms  in  cross-section,  such  as  the  angle  iron,  T-iron,  double  T-iron, 
diannel  iron,  &c,  already  described.  A  very  convenient  form  of 
crosa-section  is  that  of  a  cross.  It  is  in  general  built  by  ri  vetting 
bars  of  simpler  forms  together;  thus,  it  may  be  made  up  of  two 
T-irons  rivetted  back  to  back,  or  four  angle  irons  rivetted  back  to 
back,  or  (as  in  ^g.  235)  one  flat  bar  A  A,  two 
narrower  fiat  bars,  B,  B,  and  four  angle  irons,  all 
rivetted  together.  This  last  form  is  that  of  the 
stmt-diagonals  of  the  Warren  girders  in  the  Crumlin 
Viaduct.  A  double  T-shaped  strut  may  either  be  a 
single  bar,  or  may  be  built  in  a  manner  which  will  Fifr.'286. 
be  described  in  treating  of  beams.  The  Baaiow 
HaS  (fig.  230,  p.  518)  is  also  a  good  form  for  struts. 
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Th%  stiffeet  form  for  a  'wrought  iron  strut  is  that  of  a  oeU,  AaA  is 
to  aajy  a  built  tuLe,  which  may  bo  cyliudiioal,  rectaBgolar,  or 
triangular.  Fig.  236  is  a  cross-section  of  a  rectangular  cell,  -with 
four  plate  iron  sides  connected  together  by  angle  irons  and  rivets. 
Fig.  237  is  a  triangular  cell,  running  along  the  upper  e^ge  of  a 
plate  iron  beam. 

Fig.  238  shows  a  simple  form  of  oroBS-seetion  for  a  strut,  being 


¥^  286.  Fig.  237.  F^  238. 

a  s^^eat  of  a  cirde.    This  might  be  further  stiffened  by  rivetting 
a  pair  of  angle  irons  along  its  e^ges. 

when  a  wrought  iron  strut  is  hinged  at  the  ends,  that  generally 
takes  place  by  its  abutting  at  each  end  against  a  cylindrical  fnn,  by 
which  it  is  connected  with  some  other  piece  of  the  framework^  in 
the  manner  already  described  for  tie-bars.  1\>  fix  its  ends  in 
direction,  as  it  seldom  has  large  abutting  siu&ces,  it  is  in  general 
necessary  to  fiuten  it  to  the  adjoining  pieces  of  the  structure  by 
several  bolts  or  rirets. 

To  insure  the  stiflbess  of  a  btdU  strut,  the  bars  of  which  it  is 
built  should  break  joint,  like  the  layers  of  a  built  iron  tie.  The 
abutment  of  successive  lengths  against  each  other  should  be  firm 
and  equable;  to  insure  which,  every- bar  should  have  its  ends  made 
exactly  plane  and  exactly  perpendicular  to  its  length.  This  is  best 
done  by  a  machine  consistuig  of  a  pair  6f  circular  saws  on  one  axis, 
at  a  clear  distance  apart  equal  to  the  intended  length  of  the  bars 
when  cut:  a  bar  being  placed  parallel  to  the  axis,  and  moved 
towards  it,  has  its  two  ends  sawn  off  at  once,  in  planes  perpendioolar 
to  its  length. 

Mr.  Gordon's  formula  for  the  ultimate  strength  of  wrought  iron 
struts,  deduced  from  Mr.  Hodgkinson's  experiments,  maj  be 
expressed  as  follows,  P  being  the  load,  8  the  sectional  area,  I  the 
length,  and  h  the  thickness : — 

1  =  36,000  4.1  +  ^; GO 

where  a  has  the  value  o-f\f)ri  ^O'  struts  fixed  in  direction  at  the 
ends,  and  of  a  solid  rectangular  section^  h  being  the  least  dimension. 
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^23 


A«^13. 


For  other  fanos  of  cross-section,  an  approziinate  role  baa  already 
been  giren,  to  the  effect  that  ^  is  to  be  oonsidered  as  rqxresenting  the 
least  diTnenBion  of  a  triangle  or  rectangle  drcmnscribed  about  the 
bar;  bat  in  many  cases  it  may  be  more  satisfiM^xy  to  take  into 
account  the  least  "  radius  of  gyration"  of  the  cross-section,  as  in  the 
last  artiGle;  and  for  that  purpose  the  formula  may  be  put  in  the 
Mlowing  shape,  r  denoting  that  radius;  that  is  to  say,  r^  is  the 
mean  d  the  squares  of  the  distances  of  the  particles  of  the  cross- 
Kcticm  from  a  neutral  -axis  traversing  its  centre  of  gravity  in  that 
direction  whiGh  makes  r^  lea«t : — 

1  =  86,000 +  l+5g;4^ (2.) 

Fix  hiiiged  ends,  9,000  is  to  be  substituted  for  36,000. 
The  following  are  values  of  r^  for  different  figures;*^ 

L  Solidrectanglejleastdimen*) 

sion^A; j 

IT.  Thin  square  cell;  side  r=:  A  j... 
TTT-  Thin    rectangular    cell; 

breadth  6;  depth  A; 

IV.  Thin  triangular  bell  on  the ' 
edge  ofa  plate  (fig.  237);  ^ 
base  of  triangle  =r  &; ....  I 
V.  Solid  cylinder ;  diameter  r=  A ; 
VL  Thin  cylindrical  cell;  dia- ) 

meter  =  h; \ 

VIL  Angle  iron  of  equal  ribs;  \ 

breadthof  each  r=5;  ....  J 

YIjLL  Angle  iron  of  unequal  ribs; ) 

greater  b,  leas  h; j 

IX.  CroBBof  equal  arms; 

X.  fi-iron;  breadth  of  flanges  \ 
b;  their  joint  area  IS;  > 

area  of  web  A; j 

XL  Channel  iron;  depth  of 
flanges  4-  ^  thickness  of 
web,  h}  area  of  web  B; 

of  flanges  A; 

XIL  Bariow  rail;  Gross-section' 
composed  of  two  quad- 
rants of  radius  B,  mea- 
sured to  middle  of  thick- 
ness, connected  by  a  table 
of  sectional  area  s=  joint 
of  quadrants  X  373; 


12' 

+    6. 
h  +  3b 

h  +  b' 

6» 

-5-12. 

A^ 

+  16. 

h* 

+  a 

6» 

+  24. 

12  (6»  +  h'). 
+  24 

5* 

A 

12  A  +  K 


■  *^i  12(A+B)"^4(A+B)»  }  • 


B^  +  7  neady. 
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XIIL  PairofBarlowrailsasaboye, )  .093  m 

rivetted  base  to  base;  ...  f 

XIV.  Circular  segment  of  radius  )  /  1  1  cos  tf  sin  ^      Bin*  #  1  -pi 

R  and  length  2  Rtf;..../    {2'^ — 2I Wf^' 


367.  Cast  Mwm  Bcmms. — For  the  principles  which  are  applicable 
to  cast  iron  beams  in  common  with  beams  in  general^  see  Articles 
169  to  179  A,  pp.  230  to  296.  The  peculiar  properties  of  cast  iron 
as  to  strengUi,  which  have  to  be  considered  in  designing  beams, 
have  been  stated  in  Article  164,  p.  257;  Article  166,  p.  261 ; 
Article  167,  pp.  263  to  265;  and  in  Article  353,  pp.  499  to  502; 
and  the  precautions  to  be  observed  in  designing  these,  aa  well  as 
other  castings,  have  been  explained  in  Article  354,  p.  502. 

The  most  common  and  useful  forms  of  cross-section  for  cast  iron 
beams  are  the  inverted  X-shaped  {^g.  239),  the  trough-shaped  (fig. 
240),  and  the  double  T-shaped  <fig.  241). 

As  to  the  transverse  resistance  of  the  X-shaped  section,  see 
Article  163,  Example  YIIL^  p.  254.     As  to  the  proportionate  area 


of  flange  and  web  which  makes  the  tendency  to  break  by  crushing 
at  B  and  teaiing  at  C  equal,  see  Article  164,  Case  L,  pi  257 ;  also 
the  example  in  the  same  page.  The  same  formulsB  and  example 
are  applicable  to  trough-shaped  beams,  taking  the  two  vertical  ribs, 
B,  B',  to  be  equivalent  to  one  rib  of  the  same  depth  and  double  the 
thickness. 

The  thickness  of  the  horizontal  and  vertical  parts  of  these 
girdei*s  should  be  equal,  or  nearly  equal,  for  the  reason  stated  in 
Article  354,  p.  503. 

The  double  T-shaped  beam  is  in  general  made  of  a  figure  intro- 
duced by  Mr.  Hodgkinson,  with  a  view  to  making  the  strength 
equal  above  and  below.  As  to  the  proportions  of  that  section,  see 
Article  164,  Case  II.,  p.  257 ;  also  the  example  in  the  same  page. 
See  also  Hodgkinson  On  the  Strength  o/Caet  Iron. 

In  order  to  make  the  stretched  table  C  lai^  enough  as  compared 
with  the  compressed  table  A,  it  is  necessaiy  to  make  the  former 
considerably  thicker  than  the  latter.     This  is  reconciled  with  the 
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rale  as  to  avoiding  abrupt  changes  of  thicknesB  in  castingSy  by 
making  the  vertical  web  B  of  the  same  thickness  with  A  at  the  top, 
and  of  a  graduallj  increasing  thickness  towards  the  bottom,  where 
it  is  nearly  as  thick  as  0. 

TiansverBe  ribs  or  feathers  on  cast  iron  beams  are  to  be  avoided, 
as  forming  lodgments  for  air-bubbles,  and  as  tending  to  cause 
cracks  in  oooUng. 

Open-work  in  the  vertical  web  is  also  to  be  avoided,  partly  for 
the  same  reasons,  and  partly  because  it  too  much  diminishes  the 
resiatance  to  distortion  by  the  shearing  action  of  the  load. 

The  various  "/arms  of  eqtud  strength"  in  longitudinal  sections, 
already  described  in  Article  165,  pp.  259,  260,  are  more  easily 
executed  in  cast  iron  than  in  any  other  material,  and  are  often 
employed  in  practice,  especially  those  shown  in  figs.  141,  142,  143, 
lU,  and  145. 

The  forms  of  horizontal  section  shown  in  figs.  142  and  144  are 
aj^Iied  to  the  fianges  or  tables  of  double  T-shaped  girders  of 
uniform  depth. 

In  supporting  a  cast  iron  beam,  provision  must  be  made  at  one 
end  for  its  expansion  and  contraction  by  heat  and  cold,  which  take 
place  at  the  rate  of  about  -00111  for  the  180^  Fahr.  between  the 
ordinary  freezing  and  boiling  points  of  water,  or  '0000062  nearly 
per  degree  of  Fahrenheit's  scala 

368.  IiCBglhaMdi   and  TniiMd  €aat  Ikmi  Bmbm — It  is  seldom 

advisable  to  use  a  cast  iron  beam  of  a  span  so  great  that  it  cannot 
l)e  cast  in  one  length;  but  should  it  nevertheless  be  determined  to 
do  80,  the  following  principles  are  to  be  observed  in  the  construction 
of  each  junction. 

Above  the  neutral  axis  the  ends  of  the  pieces  should  be  true 
planes,  abutting  closely  and  equably  against  each  other,  and  exactly 
perpendicular  to  the  axis  of  the  b^uoiL 

Below  the  neutral  axis  the  pieces  are  to  be  connected  by  means 
of  transverse  fianges  and  wrought  iron  bolts,  which  will  thus,  at  the 
jomt,  perform  the  duty  of  the  lower  or  stretched  table  of  the  beam ; 
and  the  total  sectional  area  of  those  bolts  should  be  such  as  to 
nuike,  not  their  tenacity,  but  their  proportionate  dongcUion  by  a  given 
tension^  the  same  with  that  of  the  cast  iron  table  for  which  they 
«^re  a  substitute.  This  condition  will  be  approximately  fulfilled  by 
making  the  sectional  area  of  the  boHs  in  all  about  onA-haXf  of  that 
of  the  cast  ux)n  table ;  when  their  tenacity  will  be  more  than  sufficient. 

Care  should  be  taken  so  to  arrange  the  bolts  that  the  mean  of 
the  squares  of  their  distances  from  the  neutral  axis  of  the  section 
shall  fio^  he  less  than  the  corresponding  quantity  for  the  cast  iron 
table  whose  duty  they  are  to  perform. 

The  same  principles  are  to  be  followed  in  designing  that  sort  of 
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tmsaed  cwfe  iron  beam  in  vhich  a  pur  of  wrooglit  mm  t^rods  arc 
anbstitated  for  the  whole  or  part  of  the  lowec  tabte. 

369.  mmM  "T  gi  1MB  Mtw  ■  For  the  prindplea  which  are 
applicable  to  wrought  iron  beams  in  common  with  beama  in  general, 
see  Articles  16^  to  179  a,  pp^  230  to  296w 

The  most  common  and  useiol  forms  of  section  for  wimght  iron 
beams  that  aro  rolled  in  one  piece  aro  the  T-iAusped,  and  the 
I^ahaped  or  doable  T-ihaped,  of  which  latter  form  fig.  243  is  an 
example. 

As  to  the  resistanee  of  croBS-sections  of  those  fufavn  ti>  crooh 
bfeaking,  see  Artiole  254,  Examples  VTTL  and  lA^  ppi  254  to 
2^.  As  to  the  mode  of  fixing  the  proportions  of  sodi  seotieDs 
^  in  order  that  ihej  may  be  of  equal  strength  aninst  erash- 
^f  ing  and  tearing,  see  Article  164,  Oaaea  IIL  and  IV., 
p.  258,  and  the  example  in  the  same  page ;  these  b^i^  the 
cases  applicable  to  a  material  in  which  the  tenacity 
(denoted  by  ^  in  the  formnlsB)  is  greater  than  the  re- 
sistance to  cradling  (denoted  hjji). 
Fig.  942.  ^  plain  wrought  iron  beam  usuallj  gives  way  under  a 
transverse  load  by  the  compressed  flange  bending  sideways ;  for  that 
flange  is  in  general  so  narrow,  as  ooonpared  with  its  length,  that  its 
condition  is  analogous  to  that  of  a  long  wrought  iron  strut  (Soe 
Article  158,  p.  237.)  The  oo-effident  /„  therefore,  which  is  the 
modulus  of  resistance  <^  that  flange,  is  not  in  geolMal  a  eonsUnt 
quantity,  but  is  less  as  the  flange  becomes  narrower  in  oomfariaon 
with  the  span  <^  the  beam. 

From  a  reduction  oi  the  experiments  of  Mr.  Fairbaim  on 
wrought  iron  beams,  given  in  his  works,  On  the  AppUcatUm  of  Iron 
to  Bwlding  PurpoBe&y  and  U^^ful  InforfnaUon  /or  Engimus, 
first  series,  it  appears  that  the  modulus  in  question  may  be  com- 
puted with  sujfficient  accuracy  by  the  following  formula^  in  whidi 

I  denotes  the  span  <^  the  beam,  and 

by  the  breadiJi  of  its  compressed  flange  :*— 

^(in  lbs.  on  the  squaro  inch)  =£   ^-g — (1.) 

1  H f 

•         ^5,000  6« 

The  following  table  shows  the  result  of  applying  this  formula  to 
variously  proportioned  beams,  and  of  substituting  its  results  in 
equations  10  and  11  of  Article  164,  p^  258;  the  value  of  the 
tenacity  y^  being  assumed  to  be  60,000  lb&  per  square  inch  in  each 
case.  A^  denotes  the  sectional  area  of  the  compressed  flange;  Ag 
that  of  tne  vertical  web;  A3  that  of  the  stietdied  flange;  h'  the 
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depth  ffom  cenire  to  eentre  of  the  two  flanges;  M^  the  breaking 
moment  in  inch-lbe. : — 


/» 


/. 


I 

L  60,000   10  35>294  '35^2+ 1 7    Ag 

IL  60,000   20  33,333  '4    Aj+i-S    Ag 

in.  60,000  30  30,509  '48A2+i*97Ag 

IV.  60,000  40  27,273  -6    Af  +  s-a    Ag 

V.  60^000  50  34,000  75A2  +  2'5   Ag 


14,1 18  Ag  +  60,000  Ag 
14,444  Ag  + 60,000  Ag 
14,916  A2+  60,000  Ag 
i5>455Ag+ 60,000  Ag 
16,000  Ag+  60,000  Ag 


The  preceding  results  are  made  applicable  t6  the  T-shaped 
section  simply  by  making  A3  ==  0. 

Li  cases  in  which  a  beam  is  liable  to  be  strained  alternately  in 
dther  direction,  the  section  is  to  be  made  similar  above  and 
beW,  80  that  Ai  =  Ag;  the  beam  tends  to  give  way  in  every  case 
bj  lateral  bending  of  the  flange  which  is  compressed  tor  the  time, 
tnd^  is  the  modulus  of  rupture;  and  the  etzpression  for  the 
bie&kmg  moment  assumes  the  simplified  form. 


Mo=/.^',(t''^^i) -W 


The  expamum  of  wrought  iron  beams  by  heat  is  very  slightly 
greater  than  that  of  cast  iron  beams,  being  about  -0012  for  the  ISO*" 
betveen  the  ordinary  freezing  and  boiling  points  of  water,  or  about 
"0000067  per  d^ee  of  Fahrenheit 

370.  riaie  mmA  B«x  wnnaM — ^This  dass  of  WTOUgfat  iion  beams 
comprises  various  cross-sections,  buiH  of  plates  and  bars  rivetted 
together  in  various  ways,  but  all  virtually  equivalent  to  double 
T-shaped  sections,  and  having  their  strength  dependent  on  the  same 
^iius^ileB.    The  following  are  examples : — 


T  1 


%S43. 


f 


1 


Pig.  244. 


Fig.  245. 


^^ 


Fig.  246. 


%  243  is  ft  plate  beam  having  a  single  plate  for  the  vertical 
«b,  while  each  of  the  horiamtal  ribs  or  flimges  consifitB  of  a  flat 
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bar  and  a  pair  of  uigle  iions^  livetted  to  each  other  and  to  the 
vertical  web. 

Fig.  244  IS  a  ''  box  beam,"  in  which  there  is  a  double  Tertical 
web.  The  advantage  of  this  construction  is  to  give  additional 
breadth,  and  therefore  additional  lateral  stifihess  and  additional 
strength  for  resisting  thrust,  to  the  compressed  table  or  flange. 

Fig.  245  is  a  plate  beam  of  greater  dimensions  than  £g.  243. 
The  horizontal  ribs  or  flanges  contain  more  than  one  layer  of  fiat 
bars,  and  the  web,  which  consists  of  plates  with  their  laigest 
dimension  vertical,  is  stiffened  bj  verticcd  T-iron  ribs  at  the  joints 
of  those  plates,  as  shown  in  the  horizontal  section,  flg.  246. 

To  give  still  greater  stiflhess  and  strength  to  the  upper  or  com- 
pressed horizontal  rib,  it  is  sometimes  a  cylindrical  tube  or  **  oeU;" 
sometimes  a  rectangular  cell,  as  in  fig.  236,  p.  522 ;  sometimes  a 
triangular  cell,  rivetted  to  the  upper  edge  of  the  vertical  web,  as  in 
fig.  237,  p.  622;  and  in  some  cases  a  line  of  plates  bent  into  an 
inverted  segmental  trough,  as  shown  in  the  cross-section,  fig.  238, 
p.  522,  has  been  made  fiaist  at  its  summit  Y,  by  angle-irons  and 
rivets,  to  the  upper  edge  of  the  vertical  web. 

In  fixing  the  dimensions  of  the  parts,  and  computing  the  strength, 
of  beams  of  this  class,  the  rules  of  tbe  preceding  article  are  all  ap- 
plicable, having  r^ard  to  the  following  e{)ecial  principles : — 

I.  The  several  tiers  or  layers  of  pieces  of  which  the  beam  is  built 
should  break  joint  as  much  as  posdble. 

II.  Upper  fforizonUU  Rib, — ^The  several  lengths  of  the  pieces 
composing  the  upper  horizontal  rib  should  abut  closely  and  truly 
against  each  other,  having  end  surfaces  made  exactly  perpendicuW 
to  the  axis  of  the  beam,  as  already  described  for  wrought  iron 
struts  in  Article  366,  p.  522.  In  using  equation  1  of  Article  369, 
p.  526,  to  compute  the  modulus  of  rupture  by  crushing, /« the 

following  are  the  divisors  by  which  ^2  ^  to  be  divided : — 

For  a  flat  upper  horizontal  rib,  or  a  tri- )  ^  ^^^^ 

angular  cell, j  ' 

For  a  square  cell, 10,000 

For  a  cylindrical  cell  or  an  inverted  )  ^  ^^^ 

semicircular  trough  (diameter  =  6),  j  ' 

For  an  inverted  segmental  trough,  sub- )  7,500  /.       sin  2A 

tending  the  angle  2t  to  radius  unity,  j  5n^  \           ST^/ 

III.  Lower  Horizontal  Rib, — ^The  several  lengths  of  plates  or  bars 
of  which  the  lower  horizontal  rib  consists  are  to  be  connected  with 
each  other  by  covering-plates  and  rivets  as  prescribed  for  wrought 
iron  ties  in  Article  364,  p.  518;  and  the  symbol  A3  in  the  formula 
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of  Article  369,  and  of  the  other  articles  there  referred  to,  is  to  be 
imderatood  to  stand,  not  for  the  total  sectional  area  of  the  lower  rib, 
but  only  for  the  effective  eectumal  area  left  after  wn^lHng  the  proper 
deduction  for  rivet-holes,  aooording  to  the  principles  explained  in 
Article  364,  p.  518,  and  Article  360,  p.  515. 

For  the  b^  plate  iron,  the  value  of  the  modulus  of  tenacity,  /^ 
is  on  an  average  about  50,000  lb&  per  square  inch.  The  following 
we  the  results  of  substituting  that  value  for  60,000  in  the  com- 
putations of  the  table  in  Article  369,  p.  527  :— 

For  ft  Flat 

Upper  Bibw 

I.  50,000    10    35,294  -31  A2  + 1*41  A3  10,784  Aj  +  50,000  A3 

11.50,000     20    33,333  •35Ag+i-5    A3  11,111  A, +  50,000  A3 

m.  50,000     30    30,509  -32  Aj  +  I  -64  A3  1 1,584  A2  +  50,000  A3 

Iv.  50,000     40    27,273  •4IA2+I-83A3  12,121  A2  + 50,000  A3 

V.  50,000    50    24,000  '54  A3  +  2 -08  A3  12,667  Aj  +  50,000  A3 

rV^.  Vertical  Web. — ^The  thickness  of  the  vertical  web  is  seldom 
made  less  than  f  inch,  and,  except  in  the  largest  beams,  is  in  general 
more  than  sufficient  to  resist  the  shearing  stresa  In  those  beams 
in  wbich  it  becomes  necessaiy  to  attend  specially  to  the  power  of 
^e  vertioal  web  to  resist  the  shearing  action  of  the  load,  the 
anionnt  of  that  shearing  action  is  to  be  computed  for  a  sufficient 
Branber  of  cross-sections  by  the  formulse  of  Article  161,  Case  IX., 
PI^  247,  248,  249,  and  its  greatest  intensity,  for  an  assumed 
teknesB  of  web,  by  the  formula  of  Article  168,  Case  VIII., 
P*  2^7.  (In  many  cases,  however,  it  is  sufficiently  accurate  to 
^ume  the  shearing  sti^  to  be  entirely  borne  by  the  vertical 
^eb,  and  uniformly  distributed  throughout  its  section.)  It  is  then 
^  he  considered  that  the  shearing  stress  at  the  neutral  axis  is 
^^Talent  to  a  pull  and  a  thrust  of  equal  intensily  inclined 
opposite  wajHS  at  45°,  and  that  the  vertical  web  tends  to  give  way 
^ybncklingunder  the  thrust;  so  that  its  idtimate  i*esistanoe  in  lbs. 
per  sqnare  inch  is  given  by  the  following  expression  :— 

36,000  ,,  . 
?-> <^) 


1  + 


3,000  ^ 


^  which  t  is  the  thickness  of  the  plates  of  the  web,  and  8  the  dis- 
^Qoe  measured  along  a  line  inclined  at  45°  to  the  horizon,  between 
tj^o  of  its  vertical  stiffening  ribs ;  or,  if  it  has  no  such  ribs,  between 
^  upper  and  lower  horizontal  rib&     The  intensity  of  the  shearing 

2x 
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actioii  of  the  working  load  8h<yald  not  exceed  one-dxtli  of  the 
resistance  given  by  the  above  fonnula. 

y.  Longitudinal  VariaiUons  of  Section. — Inasmuch  as  the  bend- 
ing moment  of  the  load  diminishes  from  the  middle  of  the  beam 
towards  the  ends,  and  the  shearing  force  from  the  ends  towards 
the  middle,  according  to  principles  stated  in  Article  161,  ppi  345 
to  249,  the  transverse  sections  of  the  horiaontal  ribs  may  be 
diminidied  from  the  middle  towards  the  ends,  and  that  of  the 
vertical  web  from  the  ends  towards  the  middle,  so  as  to  make  the 
resistance  to  bending  and  shearing  respectiTely  vary  according  to 
the  same  law. 

YL  Vertical  Bihe. — Each  vertical  rib  is  to  be  considered  either 
as  a  sospending-piece  from  which  a  portion  of  the  load  hangs,  or  as 
a  pillar  on  which  a  portion  of  the  load  lies,  according  as  the  load  is 
hung  from  or  supported  upon  the  beam;  and  its  transverse  section 
itiust  be  made  sufficient  for  the  duty  so  thrown  upon  it,  acootding 
to  the  principles  of  Article  364,  p.  518,  or  Article  366,  pi  521,  as 
the  case  may  be ;  and  r^ard  must  be  had  to  the  &ct,  liiat  a  large 
rolling  load,  sudi  as  that  upon  one  of  the  wheels  of  a  locomotire 
engine,  may  be  concentrated  upon  one  vertical  rib. 

Above  each  of  the  povnte  o/etipporty  the  vertical  ribs  must  either 
be  placed  closer  or  made  larger,  so  that  they  may  be  jointly 
capable  of  safely  bearing,  as  pillars,  the  entire  share  of  the  load 
which  rests  on  that  point  of  support 

A  pair  of  vertical  T-iron  ribs  rivetted  back  to  back  through  the 
web-plates  may  be  held  to  act  as  a  pillar  of  cross-shaped  section. 
(Article  366,  Case  IX.,  p.  323.) 

{Ifote  08  to  Diagonal  ttiha, — ^It  is  obvious  that  the  best  position  of 
the  stiffening  ribs  would  be  diagonal,  sloping  upwards  from  the 
ends  of  the  beam  towards  the  nuddle  at  angles  of  45^;  but  this 
would  involve  inconvenience  and  expense  in  workmanship,  and 
would  cause  the  plates  for  the  web  to  be  cut  into  awkward  and 
complex  figures). 

YIL  Rvoete, — ^The  principles  which  regulate  the  number  and 
dimensions  of  the  rivets  that  connect  the  lengths  of  the  stretched 
horizontal  rib  together  have  been  sufficiently  explained  in  the  pas- 
sages referred  to  in  Division  III.  of  this  Article. 

The  rivets  which  connect  one  division  of  the  web  with  an  adjoin- 
ing vertical  rib  should  be  capable  of  withstanding  safely  the  greatest 
sirring  action  of  the  load  at  the  joint  in  question. 

xhe  shearing  action  on  the  rivets  which  connect  one  of  the 
horizontal  ribs  with  a  given  division  of  the  web  is  to  the  vertical 
shearing  action  of  the  load  at  the  middle  of  that  division  veiy 
nearly  as  the  length  of  the  division  in  question  is  to  its  depth 

VIIL  Coffnber, — In  order  that  a  buUt  wrought  ixon  b^un  mftj 
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become  nearly  straight  under  its  working  load,  it  should  be  con- 
btnicted  in  such  a  manner  that,  if  unloaded,  it  would  have  a 
*^  camber"  or  upward  convexity  equal  to  the  anticipated  working 
deflection. 

Formnlie  for  that  deflection  are  formed  by  putting  the  intensity 
of  the  working  stress  for  the  quantities  denoted  by  jr  in  equations 
13  and  13  A  of  Article  169,  p.  275. 

The  modulus  of  elasticity  for  plate  beams,  according  to  the  best 
aothoritiesy  is  considerably  less  than  for  continuous  iron  bars,  its 
value  in  lbs.  per  square  inch  being 

E = fiom  1 6,000,000  to  1 8,750,000,    . 
or  say,  on  an  ayerage,  17,500,()00. 

The  equation  13  ▲,  above  referred  to,  being  that  suitable  for 
cRMB-aections  of  equal  strength,  is  as  follows,  putting  2  -r  2  instead 
ofe,  thehalf  qpan: — 


deflection  ri=^^*^^^; (2.) 


Taking  6  as  the  fiictor  of  safety,  we  may  make,  with  sufficient 
tacnxaey  for  the  present  purpose, 

J-J  +/,' = (/.  +/,)  ^  6  =  84,000  ^  6  =  14,000. 
For  an  uniformly-loaded  beam,  with  an  uniform  cross-section, 

^*-r^3  if  ^®  cross-section  varies  along  the  beam  so  as  to  be  of 
12 

tinifonn  strength  and  uniform  depth,  n"  ^  o*     Assuming  the  latter 

to  be  nearly  the  case,  we  have 

workmgdeflectaont;,^3^  ^y^^Q^^^QQ'^=^g^g^;  (3.) 

or  a  third  proportiorud  to  the  depth  and  the  hundredth  part  of  the 
span, 

3 1 
For  example,  an  ordinary  proportion  is  2=  15  A;  then  v^  -  Kiu^ry 

371.  CiMat  Vmhmlmr  Clivicn. — This  term  is  applied  to  hollow 
plate  iron  girdei's  so  large  that  the  traffic  of  a  bridge  can  pass 
through  the  interior.  A  great  tubular  girder  differs  &*om  a 
magnified  box-beam,  inasmuch  as  the  former  requires  special 
appliances  for  stiffening  the  upper  and  lower  horizontal  tablea 

Fig.  247  is  a  skeleton  diagram  of  a  cross-section  of  the  class  of 
tubular  girder  used  in  the  Conway  and  Britannia  bridges,  in  which 
the  top  and  bottom  are  oeUvlar,  consisting  of  plates  so  disposed  as 
to  form  rows  of  square  or  nearly  square  cells,  like  that  in  tig.  236, 
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p.  522.  In  order  that  these  cells  may  be  suffidenily  8ti£^  Ihe 
width  of  each  of  them  should  not  exceed  thMiy  times  the  tkUknea  of 
the  plates  of  which  they  are  mada  The  joints  of  the  cells  are 
connected  and  stiffened  by  means  of  covering  plates  outside  as  well 
as  angle  irons  within.     Tlie  breadth  is  fifteen  feet 

The  two  vertical  webs,  or  sides,  B,  exactly  resemble  the  vertical 


Fig.  247. 


Fig.  218. 


web  already  described  in  Division  lY.  of  the  last  article,  beiug 
composed  of  plates  set  up  on  end,  and  connected  by  means  of  pairs 
of  vertical  T-iron  ribs,/,/  The  horizontal  joints  of  the  sdde  plates  are 
made  fast  by  covering  strip&  The  lateral  steadiness  of  the  cod* 
nection  between  the  horizontal  tables  and  the  vertical  webs  i^ 
assisted  by  means  of  gussets,  h^  h,  and  horizontal  prolongations  of 
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the  inner  T-iron  riba.    The  top  and  bottom  are  farther  stiffened 
IjT  tnuiflverae  libe,  e,  g,  one  at  every  third  set  of  vertical  ribs. 

F^  348  shows  one-half  of  a  kmd  of  croas-section  for  a  grmt 
tabular  girder  16  feet  broad,  in  which  the  top  and  bottom  conaist 
of  one  or  more  layere  of  plates  rivetted  close  tc^ether,  and  etif- 
leaed  by  means  of  pt^ecting  ribs,  instead  of  by  a  cellular  structure. 
Tbe  girders  of  the  victoria  Bridge  over  the  St  lAwrence  belong  to 
this  class.  A  is  the  npper  table;  it  is  slightly  arched,  having  a 
ndius  of  curvatnra  eqiial  to  about  six  times  its  breadth,  and  is 
itiffened  by  the  longitudinal  T-iron  ribs  d,  d,  d,  d,  about  3  feet  3 
inches  apart,  and  by  the  transverse  ribe  e,  about  7  feet  apart  B 
ia  one  of  the  sides,  with  vertical  T-iroii  ribs  in  paii-x,  /,  /,  about 
3^  feet  apart.  G  is  the  bottom,  consisting  of  a  sufficient  thick- 
ness of  p^tes,  -with  covering  strips;  it  is  stiffened,  so  far  as  it 
needs  stiffeninf^,  by  its  connection  with  the  transverse  joists  g  of 
the  platform,  wluch  are  double  T-shaped  plate  beams,  one  at  every 
7  feet;  K,  h,  are  gassets  to  stiffen  laterally  the  connection  between 
ilip  ades  aad  the  top  and  bottom. 


Fig.  S19. — [Tbe  TictoiU  Bridge  (ran  ■  Pbotagrq>h.] 

The  whole  of  the  principles  of  construction  and  strength  stated  in 

the  preceding  article  for  plate  and  box-beams  are  applicable  to  great 
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tubular  girdera.  In  applying  to  them  the  principle  of  Dmnon 
YI.  of  that  Article,  p.  530,  ao  &r  as  it  relates  to  the  strengtb  and 
stiffness  required  for  the  vertical  ribs  at  the  points  of  support,  it 
may  be  found  necessary  greatly  to  enlarge  those  ribs,  and  to  give 
them  the  form  of  double  T-shaped  plate  girders  standing  on.  end, 
and  tapering  from  below  upwards. 

To  illustrate  the  relative  proportions  of  the  parts  of  whidi  a 
tubular  girder  is  composed,  the  following  statement  shows  those 
proportions  for  the  tubes  of  the  Conway  Bridge:— 

The  quantities  of  iron  in  the  top  and  bottom  are  nearly  equal; 
for  though  the  top,  being  compressed,  has  a  larger  effective  section 
than  the  bottom,  which  is  stretched,  the  total  section  of  the 
bottom  is  increased  so  as  to  be  nearly  equal  to  that  of  the  top, 
by  the  greater  dimensions  of  the  covering  plates  required  at  the 
joints. 

The  two  sides  together  contain  nearly  the  same  quantity  of  iron 
with  the  top. 

The  distribution  amongst  the  various  parts  is  as  follows: — 

Topw         Sktes.        Bottom. 
Por  cent    Far  eeot     Per  cmt 

Plates, 6ro  51*3  6i-i 

Angle  iron  and  T-iron, 29*3  37*2  14-9 

Covers, 3-8  5-4  197 

Rivet-heads, :..,  5*9  6"i  4*3 

Too'o      loo'o       1 00-0 

Proportion  per  cent  of  ef-  >  o^^  -  ^        f  ▼**«** 

f^ve  to  Mel  section, \  ^^^        «-o        1»»  \  *J^ 

Proportion  per  cent,  of  ef-S 
fective  to  total  section  off  ^ 

bottom,    deducting     one-  T  ^^ 

eecerUk  for  rivet-holes^ ) 

(See  Fairbaim  On  Tubular  BridgeB;  Clark  On  the  Bfitmmic 
ana  Conway  Bridges;  Hodges  On  die  Victoria  Bridge;  Stephen- 
son "  On  Iron  Bridges,"  in  uie  Eneye.  Brit) 

372.  WLwaeUem   mt  Ivm   Cllf  J w— €■■<■■  im    CMnicnk — Li  the 

erection  of  iron  girders,  two  methods  may  be  followed :  the  girder 
may  be  built  on  the  ground,  and  lifted  to  its  positaofiy  or  it  msf  be 
buOt  in  its  position  on  a  scaffolding.  The  former  meUiod  vss 
adopted  with  the  girders  of  the  Britannia  Bridge,  each  of  which 
was  floated  on  pontoons  to  a  position  between  the  piers  directly 
below  its  permanent  position ;  the  fiices  of  the  jMors  having  recesses 
to  admit  the  ends  of  the  girder.    It  was  then  lifted  by  means  of 
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dtainSy  liaxigiiig  firom  the  cro6&-lieads  of  the  plungers  of  a  pair  of 
hydiwolic  presses  on  the  top  of  the  piers,  through  a  height  equal  to 
the  stroke  of  the  plungers  (6  feet).  As  the  beun  rose,  the  recesses 
below  its  ends  were  built  up  with  brickwork,  which  formed  a  pair 
of  temporaiy  supports  for  it  while  the  plungers  were  lowered  and 
the  chains  shortened,  in  order  to  raise  it  through  the  height  of 
another  stroke,  and  so  on.  The  girders  of  the  Victoria  Bridge 
were  built  upon  a  scaifolding  in  their  £nal  position,  all  the  pieces  of 
which  thej  were  made  having  been  shaped  and  punched  in  England. 
The  use  of  scaffolding,  when  practicable,  is  in  general  the  easiest 
and  least  expensive  method,  especially  if  the  girders  are  very  large. 
In  the  case  of  the  Britannia  Bridge  it  was  prohibited,  lest  it  should 
intemipt  the  navigation  of  the  strait. 

In  order  to  give  an  iron  girder  of  several  spans  the  property  of 
eonimuit^  over  its  piers,  the  following  method  has  been  practised : — 
Suppose  two  lengths  of  the  girder  to  have  been  erected^  and  to 
be  still  discontinuous  over  the  pier  where  they  meet  Each  of 
those  lengths  is  bent  bj  its  own  weight;  and  their  adjoining 
eads,  instead  of  standing;  in  parallel  vertical  planes,  lean  away 
from  each  other.  The  mrther  end  of  one  of  the  lengths  is  now 
tilted  up,  by  means  of  a  hydraulic  press,  a  lifting  jack,  or  some 
such  suitable  machine,  until  the  two  adjoining  ends  meet  ac- 
curately; when  they  are  made  fiut  to  each  other  by  fishing, 
bolting,  rivetting,  or  other  suitable  means  of  connection.  The 
further  end  of  the  girder  that  has  been  tilted  up  is  now  lowered 
into  its  proper  place;  and  the  same  process  is  followed  for  each 
joint  where  continuity  over  a  pier  is  required 

As  to  the  effect  of  continuity  over  the  piers  upon  the  strength 
and  stiffness  of  a  girder,  see  Article  178,  p.  287,  and  especially 
Method  IL  of  that  Article,  pp.  288  to  292. 

The  continuity  of  a  girder  must  not  be  carried  throughout  a 
greater  length  than  is  consistent  with  a  proper  provision  for  its 
expansion  and  contraction  by  changes  of  temperature.  An  iron 
girder  can  have  only  one  fixed  support;  all  the  rest  must  be  on 
roller  beds  or  slides;  and  in  the  case  of  a  girder  continuous  over 
piers  the  best  position  for  the  fixed  point  of  support  is  near  the 
middle  of  its  length.  The  largest  continuous  iron  girders  yet 
erected  are  those  of  the  Britannia  Bridge;  they  are  1,511  feet  in 
length,  and  rest  on  three  piers  and  two  abutments,  forming  four 
spans;  they  have  a  fixed  support  on  the  central  pier,  and  rest  on 
roUers  at  the  other  four  points  of  support^  so  ibsA  the  length  of 
metal  which  expands  and  contracts  at  each  side  of  the  fixed  support 
is  755^  feet 

From  what  has  been  stated  respectmg  the  mod^  of  connecting 
the  lengths  of  a  continuous  girder,  it  is  obvious  that,  previous  to 


036  MATEBIAU  AXD  STBUOTUBES. 

the  making  of  the  connection,  each  length  bends  under  its  own 
weight  as  a  separate  girder,  and  that  the  whole  of  its  top  should  be 
stiffened  to  resist  compression.  After  the  connection  has  been 
effected,  the  top  of  each  girder  assumes  a  state  of  tension,  and  the 
bottom  a  state  of  compression,  from  the  piers  to  the  points  of 
earUrary  Jlexure  (p.  291,  equation  10).  Hence  both  the  top  and 
the  bottom  of  a  girder  which  is  to  be  continuous  over  the  piers  are 
to  be  stiffened  by  means  of  cells  or  ribs,  so  as  to  be  capable  uf 
resisting  either  compression  or  tension.  Such  is  the  case  in  the 
Britannia  Bridge,  where  the  girders  are  cellular  both  above  and 
below.     (See  the  authorities  cited  in  p.  534.) 

It  may  sometimes  be  desired  to  make  the  girder  im/per/Bdly 
eowtinuoug  over  the  piers,  for  the  following  reason : — It  has  already 
been  shown  in  Article  178,  Method  II.,  equations  6  and  7,  pp. 
289,  290,  that  if  tc;  be  the  fixed  and  v/  the  rolling  load  per  unit  of 
length,  the  moments  of  flexure  are  respectively, 

overa  pier,-M^  =  — ^j — •  ^; ." (1.) 

in  the  middle  of  a  span,  M0  =  — ^7 —  ^i (2.) 

the  sum  of  which,  or — ^ — •  Z*, (3.) 

is  simply  the  moment  of  flexure  in  the  middle  of  a  separate  girder. 
The  eflect  of  the  operation,  then,  already  described,  by  which  a 
girder  is  made  continuous  over  the  piers,  consists  in  relieving  the 
middle  of  each  span  of  the  girder  of  bending  action  to  the  amount 
denoted  by  the  expression  (1),  and  transferring  that  amount  of 
bending  action  to  the  parts  over  the  piers.  If,  as  is  the  case  in 
tubular  bridges  of  the  largest  class,  the  rolling  load  is  less  than 
the  fixed  load,  (1)  is  greater  than  (2);  but  the  most  advantageous 
method  of  employing  the  strength  of  the  material,  is  to  make  the 
bending  actions  at  mid-span  and  at  each  pier  equal  to  each  othei*, 
each  of  them  being  one-half  of  the  expression  (3) ;  that  is  to  say, 

-16- •^- (*•) 

To  eflect  this  result,  an  impevfeei  eontintdty  is  to  be  produced  in 
the  foUowing  manner  :— 

Observe  ^e  angular  opening  between  the  end  surfaces  of  a  pair 
of  lengths  of  the  girder  as  they  lean  from  each  other  before  being 
connected;  ^denote  it  by  0,  then  compute  the  following  quantity : — 
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l^^-- (»■) 

&Dd  let  tbia  be  the  angle  between  the  feces  of  »  wedge-shaped 
fUliug  piece  to  be  introduced  into  the  opening  between  the  endiS  of 
the  lengths  of  girder  before  connecting  them,  bo  that  the  opening 
iDAy  be  reduced  in  the  ratio  of  the  expression  (4)  to  the  expression 
(1^  Then  tilt  up  the  further  end  of  one  of  Uie  lengths  until  the 
j^nta  fit,  and  connect  them. 

If  the  roiling  loadisto  be  negUeted  in  making  this  adjustment,  the 
expreadoD  (5)  becomes  simply  J  -i-  4,  so  that  the  angular  opening  is 


Fig.  SfiO.— [^Iba  BriunnU  Bridge.] 

to  be  reduced  to  3-4t)ia,  and  the  further  end  of  one  of  the  lengths 
tilted  up  to  3-4ths  of  the  height  which  wonld  have  been  necessary 
for  perfect  continuity.  The  result  is,  that  the  momenta  of  flexui-e 
at  mid-span  and  at  tiie  piere  become  equal  to  each  other  for  a  fixed 
load.  This  was  the  method  followed  at  the  junction  over  the 
central  pier  of  the  Britannia  Bridge. 

373.  actoct  •#  wiNd  •>  TabHiu  sir«M«< — The  pressure  of  the 
wind  against  one  side  of  a  tubular  girder  acts  like  an  uniformly  dis- 
tributed load  tending  to  bend  it  sideways,  and  producii^  a  bending 
moment  and  maximum  stress  whose  values  are  as  follows ; — 

Let  w*  be  the  p-eaauxe  per  lineal  inch  of  girder,  found  by 
mnitiplyisg  the  intensity  of  the  piteauie  of  the  wind  by  the  depth 
of  the  side  of  the  girder. 


5ZS  MATBRIAIB  ASD  STBUCXTTSBGL 

I,  lihe  span ; 

b,  the  breadth,  from  centre  to  centre  of  the  yertical  sides, 

A I  and  A3,  as  before,  the  sectional  area  of  the  top  and  bottom; 

and  Ag,  the  joint  sectional  area  of  the  sides. 
Then  the  greatest  bending  moment  is, 

M  =  —^  at  the  middle  for  a  separate  single  span  girder;  (1.) 

M  =  -  .^  at  each  pier  for  a  girder  continuous  over  the  piers ;  (2.) 

and  the  greatest  stress  is 

ft=M,.j(^  +  ^l±^) (3.) 

The  greatest  pressure  of  wind  ever  observed  in  Britain*  -was 
55  lb&  on  the  square  foot,  =  *382  lb;  on  the  square  inch. 

374.  Plate  AmlMdl  Imb  Bite  are  usually  made  of  cajst  iron,  but 
wrought  iron  is  sometimes  employed  The  present  article  is  con- 
fined to  those  iron  arches  which  have  not,  or  do  not  depend  for 
their  stiffness  upon,  diagonal  bracing  in  their  spandiils,  so  thai  the 
disfigurement  of  each  rib  is  resisted  either  by  its  own  stiffQess  alone, 
or  by  that  stiffness  combined  with  the  stiffiiess  oi  a  horizontal 
girder  directly  aboTe  the  rib. 

The  whole  theoiy  of  the  action  of  a  load  on  an  azebed  rib  baa 
already  been  given  in  Article  180,  pp.  296  to  314,  with  the 
exception  of  some  cases  which  have  come  to  the  author^a  know- 
ledge since  that  part  of  this  work  was  in  typ^  and  which  will  be 
treated  of  in  this  and  in  some  subsequent  articles. 

Cases  in  which  the  arched  rib  is  so  braced  by  means  of  the 
spaudril-framing  that  a  special  theory  is  required  for  them,  will  be 
treated  of  in  the  next  section. 

Eeference  will  now  be  made  to  those  parts  of  preceding  articles 
where  the  formula  to  be  used  in  computing  the  strengtb  of  arched 
ribs  are  to  be  found 

The  usual  form  of  section  is  the  I  or  double  T-shape,  with  equal 
flanges  above  and  below,  the  thickness  dP  the  web  being  equal,  or 
nearly  equal  The  depth  (denoted  by  A  in  the  formuhe)  is  not 
generally  to  be  computed  by  means  of  a  formula,  but  is  to  be  found, 
either  by  a  series  of  trials,  or  by  adopting  an  empirical  rule,  snch 
as  making  it  firom  l-40th  to  l-60th  of  the  span.  The  latio  ^,  to  be 
used  in  the  formula  for  strength  and  stifihess,  is  to  be  computed  for 

*  By  the  late  Dr.  Kichol,  at  Glaigow  Oteemttcvy. 
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such  a  section  by  means  of  the  expression  in  Case  XI.  of  Article 
179,  p.  295. 

The  nentnJ  axis  of  the  rib  should  be  a  parabola;  for  which,  in 
arches  of  small  rise  as  compared  with  the  span,  an  arc  of  a  circle 
may  be  substitated  without  material  detriment  to  the  stability  of 
the  arch. 

The  rib  may  be  made  of  uniform  H^^hew  by  increasing  the 
sectional  area  finom  the  crown  to  tiie  springing  in  the  proportion  of 
the  secant  of  the  inclination,  as  ezplamed  in  Article  180,  Problem 
II.  When  the  rib  is  not  of  oniform  stiffness,  but  of  uniform 
tecHon,  the  computation  by  means  of  the  formul®  gives  the  area  of 
section  ai  the  crown  of  a  rU>  of  uniform  Btiffnesa  ofdys  dame  strength, 
and  this  must  be  augmented  in  the  proportion  of  the  secant  of  the 
inclination  of  the  neutral  axis  at  the  springing  to  radius,  in  order 
to  obtain  the  uniform  area  ofmdwn  required  for  the  proposed  rib 
of  nniform  section. 

Cass  L — ^When  the  rib  has  fiat  ends  firmly  bedded  against  im- 
movable skew-backs  (as  is  usually  the  case  with  cast  iron  arches), 
the  case  is  that  of  Article  180,  Problem  lY. ;  and  the  first  step  in 
the  calculation  is  to  compute  the  quantity  denoted  by  B,  by 
means  of  equation  30,  p.  305  (which  requires  the  following  oor- 

_^  .     "4*^"        ,"16A«"\ 

rection : — ^for    »  »     read  — ^rn~ ) ' 

Should  the  skew-backs,  through  the  yielding  of  piers  or  abut- 
ments, spread  asunder  when  the  arch  is  loaded,  the  case  is  that  of 
Pn>blem  Y.,  and  B  is  to  be  computed  by  means  of  equation  40, 
p.  308.  In  using  this  last  equation,  a  sectional  area,  A^  has  to  be 
assumed. 

To  allow  for  the  straining  ^ect$  qfriee  and  faU  of  temperature, 
proceed  as  follows : — Let  t  denote  the  greatest  probable  deviation 
of  the  temperature  from  that  at  which  ihe  bridge  is  to  be  erected ; 
£,  the  modulus  of  elasticity  of  the  material ;  p^,  the  intended  mean 
intensity  of  the  greatest  thrust  at  the  crown  of  the  rib;  and  e,  the 
co-efficient  of  expansion,  whose  value  is 

•0000067  per  degree  of  Fahrenheit,  or 
'0000120  per  centigrade  d^;ree, 

then,  in  computing  B,  by  means  of  equation  30  or  equation  40, 
the  following  additional  term  is  to  be  introduced  into  the  factor 
within  the  Inrackets : — 

'■1^;. (1.) 
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the  aga  <  =p  >  being  used  according  as  t  denotes  'I  x-  11  [of  tem- 

peratura 

The  mean  intensity  of  thrust  Pq  may  be  unknown;  in  which 
case  a  provisional  calculation  of  the  horizontal  thrust  and  area  of 
section  must  be  made  without  allowing  for  the  effects  of  change  of 
temperature,  in  order  to  obtain  an  approximate  value  ofp^. 

When  B  has  been  computed,  the  next  step  is  to  compute,  by  the 
formuhe  36,  p.  370,  the  proportions  r^  and  r^^  of  the  span  which 
must  be  loaded  with  a  rolling  load,  in  order  to  make  the  thrust 
and  tension  respectively  the  greatest  possible. 

Should  the  sectional  area  be  fixed,  the  greatest  thrust  p^^  and  the 
greatest  tension  p\,  are  then  to  be  computed  by  means  of  equations 
37  and  38  respectively,  p.  370. 

Should  the  sectional  area  have  to  be  fixed  by  oompntatson, 
transpose,  in  these  equations,  the  symbols  A  and  p;  they  then 
become  formule  for  computing  the  sectional  area,  if  the  greatest 
safe  working  thrust  and  tension  respectively  be  put  for  p^^  and  p'^ ; 
and  the  ffreater  of  the  two  values  of  A^  is  to  be  adopted  for  the  area 
at  the  crown  of  a  rib  of  uniform  stiffnesa 

To  find  the  total  horizontal  thrust  H  when  the  stress  is  greatest, 
use  equation  31,  p.  306.  The  quantity /?0  in  the  expression  (1)  above 
has  for  its  value  H  -f-  A^. 

The  greatest  total  horizontal  thrust  is  found  by  making  r=:  1. 

The  approximate  formula,  37  a,  38  A,  p.  370,  and  31  b,  33  b, 
37  B,  38  B,  p.  308,  may  be  used  in  the  cases  there  explained. 

Case  II. — When  the  rib  is  fixed  at  the  crown  to  a  horisotUai 
girder,  see  Problem  VIII.,  pp.  313,  314. 

Case  III. — The  rib  may  be  vertically  hinged  al  the  ends^  by 
having  them  rounded,  and  supported  by  hollow  cylindrical  bear- 
ings, so  that  they  resemble  trunnions  or  journals.  This  case  Mk 
under  Problem  VI.;  and  the  first  step  in  the  calculation  is  to 
compute  the  value  of  the  quantity  C  by  means  of  equation  SI, 
p.  310. 

To  allow  for  the  effect  of  changes  of  temperature,  introduce 
into  the  factor  of  C  within  the  brackets,  the  expression  (1)  of  this 
Article,  already  explained. 

The  most  severe  stress  occurs  very  nearly  when  one  half  of  the 
span  is  loaded.     Under  that  condition, 

To  find  the  total  horizontal  thrust  H,  use  equation  52  a,  p 

311; 
To  find  the  greatest  moment  of  flexure  M',  use  equation  57  a, 

p.  312; 
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To  fiod  the  greatest  intensity  of  stress  if  the  sectional  area  has 
been  fixed,  use  equation  58,  p.  311  ; 

To  find  the  required  sectional  area  at  the  crown,  make  p^  =  the 
greatest  safe  working  intensity  of  thrust;  and  use  the  follow- 
ing formula : — 


^x=^(^-h) (2.) 


In  Gases  I.,  II.,  and  III.,  to  find  the  greatest  cMeeticny  see  Pkt>blem 
VII.,  pp.  312,  313. 

Case  IY. — Bib  kinged  ai  the  crown  and  ai  the  ends. — ^The  hing- 
ing of  the  rib  at  the  crown,  as  well  as  at  the  ends,  has  been  pro- 
posed by  M.  Mantion  {Annales  des  Fonts  et  Chaussees,  1861),  but 
lias  never  yet  been  executed.  This  mode  of  construction  would 
bave  the  great  advantage  of  annulling  the  straining  effect  both  of 
changes  of  temperature,  and  of  the  yielding  of  the  piers.  The 
formulae  for  computing  the  greatest  stress  in  this  case  are  deducible 
from  those  of  Problem  YL,  pp.  311,  312,  by  making  0  =  0;  and 
th^  are  as  follows : — 

t   . ,      .  ^      >  of  the  neutral  line  in  inches ; 
k,  the  nse      j  ' 

Wq,  the  fixed  load  per  lineal  horizontal  inch ; 

Wf  the  rolling  load  per  lineal  horizontal  inch; 

then  the  greatest  intensity  of  stress  occurs  when  one  half  of  the  rib 
is  loaded  with  the  rolling  load;  and  in  that  condition  the  total 
homontal  thrust  is, 


^("•■^l)' (3) 


^=81 

the  greatest  moment  of  flexure,  which  acts  downwards  on  the 
load^  half  and  upwards  on  the  unloaded  half  of  the  rib,  is 

M'=^fi (4.) 

the  greatest  intensity  of  thrust  occurs  at  the  outer  flange  of  the 
loaded  and  the  inner  flange  of  the  unloaded  half  of  the  rib,  and  has 
the  following  value : — 

and  the  gx^atest  intensity  of  tension,  if  any,  occurs  at  the  inner 
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flange  of  the  loaded  and  outer  flange  of  the  unloaded  rib,  and  baa 
the  following  value : — 

To  proportion  the  depth  of  the  rib  A  to  its  rise  k,  so  that  the 
greatest  tension  may  bear  any  given  ratio  to  the  greatest  thrust^ 
make, 

qh            w         Pi-p\,  ,7 

^""8fi>o+4w>i+jpV ^*'^ 

(for  the  value  of  q^  as  before,  see  Article  179,  Case  XL,  p.  295.) 

The  greateH  total  harizofUal  thruH  occurs  when  the  rib  is  loaded 
over  its  whole  span;  and  its  amount  is, 

Hi  =  g^  H  +  ti>> (&) 

In  many  of  the  older  examples  of  oast  iron  arched  bridges,  the 
ribs  consist  of  a  laige  number  of  small  cast  iron  open-work 
panelled  frames,  acting  as  voussoirs,  and  bolted,  dowelled,  or  other- 
wise connected  together;  but  this  mode  of  construction  is  deficient 
in  strength  and  stability;  and  in  later  and  better  ezamfdes  the 
ribs  are  made  in  as  few  and  as  long  pieces  as  is  practicable,  and 
these  are  made  to  abut  firmly  and  accurately  against  each  otiier  at 
planed  surfaces,  and  are  connected  by  means  of  transverse  flanges 
and  bolts.  In  cast  iron  arches  of  moderate  sise  each  rib  usually 
consists  of  two  lengths  only,  bolted  together  at  the  crown.  In 
Southwark  Bridge  the  ribs  consist  of  pieces  of  20  feet  in  length, 
whose  ends  abut,  not  directly  against  each  other,  but  against 
transverse  plates,  which  serve  to  bind  the  several  parallel  ribs  of 
the  bridge  together  crosswise,  and  through  which  the  flanges  of  the 
lengths  of  the  ribs  aro  bolted  together.  In  the  new  Westminster 
Bridge  each  rib  consists  of  fiVQ  pieces,  the  side  pieces  being  of 
cast  iron,  and  the  middle  piece  of  wrought  iron. 

The  subject  of  iron  arohed  ribs  will  be  further  considered  in 
treating  of  braced  iron  arches  in  the  next  section. 


Sectiok  IV. — Of  Iron  Frames. 

375.  ivMi  Platr«ni«. — A  platform  in  which  timber  planking  is 
supported  by  iron  girders,  or  girders  and  joists,  requires  no  remarks 
beyond  those  which  have  already  been  made  in  Article  336,  pp. 
^Q6  to  468,  regard  being  had  to  the  difierence  of  the  material  of 
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the  joista     As  to  the  weight  of  platforms  with  their  loads,  see 

p.  46a 

As  to  the  distribution  of  the  load  of  the  platform  of  a  railway 
bridge  amongst  the  girders,  see  Article  341,  pp.  475  to  477. 

Iron  maj  be  nsed  as  the  covering  of  a  plalibim  in  various  forma 

I.  The  Barlow  Rail  is  a  good  form  of  section  for  supporting  veiy 

heavy  loads.     (See  fig.  230,  p.  518;  also  Article  366,  Example 

XXL,  p.  523.)    When  proportioned  as  directed  in  the  example 

cited  (that  is  to  say,  the  sectional  area  of  the  table  =  the  joint 

of  the  quadrantal  wings  x  '273),,  it  has  the  following  pro- 


Let  R  be  the  radius  of  the  quadrantal  wings  measured  to  the 
middle  of  their  thicknesa 
ly  their  thickness,  then, 

Sectional  area  of  Barlow  Bail  =  4  B  ^  veiy  nearly; 

The  neutral  axis  is  nearly  at  the  middle  of  the  depth 

2  8 

Breaking  moment  =  =^Bx  area  »  Tjf*^  B*  nearly 

f^  being  the  modulus  of  rupture  by  crushing  or  buckling  of  the  top 
table,  or  probably  from  30,000  to  35,000  Iba  per  square  inch. 

XL  Ccrrugakd  Iron  in  sheets  is  suited  to  bear  light  loads, 
provided  the  sheets  are  so  supported  that  the  bending  action  of  the 
load  takes  place  in  a  plane  parallel  to  the  ridges  and  f urrowa  Iron 
laths  or  strips  must  be  rivetted  across  the  ridges  and  furrows  to 
prevent  them  from  spreading.  These  may  be  at  distances  apart 
eqnal  to  about  twice  ^e  breadth  of  the  corrugationa 

Let  b  denote  the  breadth  of  a  sheet  of  corrugated  iron,  t  its 
thickness,  h  the  depth  from  ridge  to  furrow;  then  its  breaking 
moment  is  approximately, 

iV-^^*' (^^ 

/^  being  the  modulus  of  rupture  by  crippling  at  the  compressed 
part 

IIL  Bending  Moment  of  the  Load  on  a  PkUe. — ^When  a  rect- 
angular plate  is  supported  on  two  parallel  edges,  the  bending 
moment  exerted  by  a  load  placed  upon  it  is  the  same  as  that 
exerted  by  the  same  load  on  a  beam  of  the  same  span. 

When  a  rectangular  plate  is  firmly  supported  at  all  its  four 
edges  by  joists  and  girders,  the  bending  moment  is  diminished.  If 
the  plate  is  square,  the  bending  moments  exerted  in  planes  parallel 
to  ite  two  dimensions  are  equal  to  each  other ;  if  it  is  oblong,  the 
greatest  bending  moment  is  exerted  in  a  plane  parallel  to  the 
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breadth,  or  leaser  dimension  of  the  plate,  the  tendency  being  to 
split  it  lengthwise  at  the  middle  of  its  breadth. 

Th^  following  formidie  are  founded  on  a  theory  whidi  is  only 
approximately  true,  but  which  nevertheless  may  be  considered  to 
involve  no  error  of  practical  importance : — 

Let  W  denote  the  total  load. 

I,  the  length  of  the  plate,  between  the  supports  of  its  end& 
b,  its  breadth,  between  the  supports  of  its  side  edge& 
M,  the  greatest  bending  moment 

Case  L — Square  plate,  load  uniformly  distributed; 

^  =  -16^ W 

Case  II. — Square  plate,  load  collected  in  the  centre; 

M=^^. (4) 

Case  III. — Oblong  plate,  load  nniformlj  distributed; 

^  =  8(i*  +  6*)- ^'*' 

Oase  rV, — Oblong  plate,  load  oollected  in  the  centre;  I  lees  tiian 
119  6; 

Case  Y. — Oblong  plate,  load  collected  in  the  centre,  I  equal  to 
or  greater  than  1^19  6; 

M  =  -^-; (7.) 

being  the  same  as  for  a  plate  supported  at  the  side  edges  ordy. 

Cask  VL — Circular  plate,  of  the  diameter  5,  supported  all  round 
the  edge,  load  imiformly  distributed; 

M=^=-053W6 (a) 

Case  YIL — Circular  plate,  load  collected  in  the  centre; 

Wb 
M  =  -^=-159W6. (9.) 


n 


FLOOBIKO  PLAtES— BUCKLED  PLATE&  5i5 

4 

lY.  Cast  Iron  Flooring  Plates. — ^The  breaking  moment  of  these 
plates  is  to  be  made  greater  than  the  bending  moment  of  the 
working  load  in  the  ratio  of  a  suitable  factor  of  safety  (such  as 
liz).  They  should  be  strengthened  by  means  of  yerti<»l  ribs  or 
feathere  on  the  upper  side;  and  then  the  moment  of  resistance 
maj  be  computed  as  for  a  trough-shaped  or  X-shaped  girden 
(Article  367,  p.  524;  Article  163,  pp.  264,  265.) 

y.  Bvclded  Wrought  Iron  Plates  (the  invention  of  Mr.  Mallet)  are 
plates  of  various  figures  (usually  square  or  oblong),  having  a  slight 
conTexity  in  the  middle,  and  a  flat  rim  round  the  edge,  odled  the 
"fillet;"  and  are  the  best  form  yet  devised  for  the  iron  covering  of 
a  platform.  They  are  usually  placed  so  that  the  ^convex  part  is 
compressed,  and  the  flat  fillet  stretched,  and  when  they  give  way 
under  an  exoessiye  load,  it  is  usually  by  the  crushing  or  crippling 
of  the  convex  part. 

I^t  /  be  the  length  of  that  section  of  a  buckled  plate  at  which 
the  greatest  bending  moment  is  exerted  (according  to  the  principle 
stat^  at  the  beginning  of  Division  III.  of  this  Article,  p.  543);  A, 
the  depth  of  curvature  at  the  centre  of  the  plate;  <,  its  thickness, 
aU  in  inchea    Then  the  moment  of  resistance  is  neai'ly 

^/.^A<; (10.) 

yi  being  a  modulus  of  rupture  by  crushing  or  crippling  the  plate  at 
its  crown  or  most  convex  part  From  published  residts  of  experi- 
inent,  it  appears  that  for  a  plate  36  inches  square,  including  the 
fillet,  which  is  2  inches  broad,  with  a  curvature  of  1  '75  inch,  and 
\  inch  thick,  made  fast  all  round  the  edges,  the  crushing  load  dis- 
tributed over  the  plate  is  about  18  tons;  whence,  according  to 
CaseL, 

f^  =  21,600  lbs.  per  square  inch  nearly. 

This  co-efficient,  like  that  expressing  the  resistance  of  wrought 
iron  struts  to  crushing  (see  Article  366,  p.  522,  equation  1), 
probably  varies  with  the  proportion  of  the  thickness  of  the  plate  to 
itB  breadth,  having  for  its  maximum  value  36,000;  but  sufficient 
ttperiments  have  not  yet  been  published  to  show  the  law  of  its 
^nation  precisely.  According  to  the  table  of  safe  loads  for 
buckled  plates  3  feet  square,  published  by  the  inventor,  the  safe 
load  varies  nearly  as  the  square  of  the  thickness;  this  would  make 
jbe  co-efficient  f^  vary  nearly  in  the  simple  ratio  of  the  thickness 
for  plates  of  equal  breadth,  and  of  proportionate  thicknesses,  within 
the  liinits  of  those  mentioned  in  the  table,  which  are  *048  inch  and 
'375  inch.  The  fiictor  of  safety  adopted  being  4  for  a  steady  load, 
^d  6  for  a  moving  load^  the  safe  loads  given  in  the  table  for  a 

2h 
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plate  3  feet  equire,  ^  inch  thick,  and  with  1*75  inch  of  enrvature, 
are  4*5  tons  fbr  a  steady  load,  and  3  tons  for  a  moving  load.  The 
buckled  plates  used  by  Mr.  Page  for  the  {^tform  of  the  Nev 
Westminster  Bridge  measure  84  inches  bj  36,  with  a  coirature  of 
3^  inches,  and  thickness  of  \  inch;  thej  bear  17  tons  on  the 
centre  without  giving  way.  According  to  Case  Y.,  this  corresponds 
toamaximum  thrust  at  the  convBxpart  of  17,920  lbs.  per  squareinch. 

The  square  form  of  buckled  plates,  supported  and  fast^ied  at  all 
the  four  edges,  is  the  most  &vouTable  to  strength. 

876.  iMM  B»i>. — ^An  iron  roof  may  either  be  made  entirely  of 
iron,  or  the  framework  may  be  of  iron  and  the  covering  of  some 
other  material.  As  to  the  construction  and  weight  of  various  sorts 
of  covering  for  roo&,  see  Article  337,  pc  468.  To  the  sorts  of 
covering  ihere  described  there  may  now  be  added  bwdded  iron 
plates,  already  described  in  the  last  article ;  the  thicknesses  suited  f<Nr 
roofing  being  from  l-20th  to  1-1 0th  of  an  inch. 

The  framework  of  iron  roofs  consists  of  parts  analogous  to  those 
already  described  in  treating  of  the  framework  of  timber  roofs  in 
Articles  338,  339,  pp.  469  to  475,  with  the  exception,  that  in 
roofs  covered  with  sheet  iron,  whether  plain,  corrugated,  or 
buckled,  the  ''common  rafters"  are  unnecessary;  the  covering 
being  supported  on  horizontal  T-iron  or  angle  iron  bars,  which  act 
as  laths  or  as  purlins,  and  which  are  themselves  supported  on  the 
principal  rafters.  Those  principal  rafters,  and  the  trusses  to  whidi 
they  belong,  are  placed  at  regular  distances  of  from  2  feet  6  inches 
to  7  feet  apart;  the  average  distance  is  about  5  feet. 

The  general  designs  of  those  frames  or  trusses  are  analogous  to 
those  used  in  timber  roofs;  and  in  the  computation  of  the  thrusts 
and  pulls  along  the  several  pieces,  the  same  formula  are  applicable 
(See  Article  339,  pp.  469  to  475,)  In  iron  roof  trusses,  however, 
there  is  seldom  a  tie-beam;  the  principal  tie  being  usually  a  single 
rod,  supported  at  one  or  more  points,  and  having  no  transverse 
load  except  its  own  wei^t  between  the  supported  points. 

To  the  examples  of  roof  trusses  given  in  Article  339,  may  be 
added  the  following,  which  illustrates  a  kind  of  secondary  trussing 
peculiar  to  iron  roo&  as  distinguished  from  timbo'  roo&: — 1  2  3  is 


Tig,  251. 


the  pnmofry  trusB^  consisting  of  the  two  rafters  1  2,  1  3,  and  the 
priaoipal  tie-rod  2  3.    To  find  the  stresses  on  its  pieces,  conceive 
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ialf^e  weight  of  a  divinon  of  the  roof  to  be  eoncentfated  at  the 
point  1,  and  proceed  as  in  Article  339,  Case  L,  p.  469. 

1  3  4  is  a  meondafy  Pruts,  supporting  the  middle  point  5  of  the 
lalier  by  the  aid  of  the  stmt-brace  4  a.  Conceive  one  qu/fxrier  of  the 
weight  of  a  division  of  the  roof  to  be  concentrated  at  5,  and 
proceed  as  in  Article  119,  iigs.  102,  103,  p.  182. 

5  6  3,  1  7  5,  are  mnaUer  mxmdwry  truasee,  similar  to  1  3  4,  but  of 
half  the  dimensioiis,  and  each  snstaining  one-eighth  of  the  weight  of 
a  division  of  the  roof. 

The  points  of  support  of  the  rafter  may  thus  be  multifdied  to 
my  required  extent. 

The  total  or  resultant  stress  on  each  portion  of  each  bar  of  the 
tniSB  is  to  be  determined  by  the  aid  of  the  principle  of  Article  1  1, 
pi  184 

Thus  the  pull  on  the  middle  division  of  the  great  tie-rod  is 
amply  that  due  to  the  primary  truss,  12  3.     The  pull  on  4  7  is 
simply  that  due  to  the  secondary  truss  14  3.     The  puDs  on  5  7  and 
5  6  are  simply  those  due  to  the  smaller  secondary  trusses  1 5  7,  5  6  3. 
Tliepoll  on  1  7  is  the  sum  of  those  due  to  the  trusses  143  and  175. 
The  poll  on  6  4  is  the  sum  of  those  due  to  the  trusses  123  and  14  3. 
The  pull  on  6  3  is  the  sum  of  those  due  to  the  trusses  1  2  3,  1  4  3, 
snd  5  6  3.    The  thrust  on  each  of  the  four  divisions  of  the  rafter  1  3 
is  the  sum  of  three  thrusts,  due  to  the  primary  truss,  the  hrget 
seeondary  truss,  and  one  of  the  smaller  secondary  truases  re- 
flectively. 

As  to  the  effect  of  cambering  the  principcd  tie  by  bracing  it  up 
to  the  top  of  the  larnss,  see  Article  119,  fig.  100,  p.  181. 

In  the  eoTutrucUan  of  iron  roqf'trueaea  the  rafters  are  usually 

made  of  T-8hi^)ed  or  H-ahaped  iixm  bars,  and  the  struts  of  T-iron 

or  angle  iron  bars,  or  any  convenient  form  for  resistiDg  thrust 

As  to  the  strength  of  struts  of  these  and  other  figures,  see  Article 

366,  pp.  521  to  524.     The  divisions  of  a  raft^,  and  also  the 

sMb^  may  be    considered  as   hinged  at   the   mde.     For   the 

Btruts,  cast  iron  is  sometimes  employed    (See  Article  365,  p. 

520.)     The  smaller  ties  are  usually  round  or  square  rods;   the 

Vgcr  ties  are  sometimes  flat  bars  set  on  edge.     The  foot  of  a 

nfiter  may  be  connected  with  the  end  of  the  gi'eat  tie-bar  by  a  gib 

and  key  traversing  an  oblong  slot  (Article  361,  p.  516);  or  the 

foot  of  the  rafter  may  abut  into  a  cast  iron  shoe,  to  which  the  tie- 

it)d  may  be  fiistened  by  a  key,  a  pin,  or  a  screw  and  nut    (Article 

362,  p,  516.)     The  oblique  and  vertical  ties,  or  suspending-pieces, 

i^Deralijhave  jaws  or  forks  at  their  upper  ends,  where  they  are  hung 

^ffl  tbe  rafters  by  meaus  of  pins,  and  screws  at  their  lower  ends, 

▼here  they  «re  oonnected  with  the  struts  and  with  the  great  tie-bar 

^  means  of  pinching  nuts.    A  central  vertical  suspoiding-rod  is 
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called  a  '^  king-bolt  j"  lateral  vertical  sospending-rods  are  called 
"  queen-bolts." 

A  loof  may  hare  arched  iron  ribs  instead  of  rafteEn  Am  to 
their  strength,  see  Article  374,  pp.  537  to  542.  As  to  the  stress 
on  a  semicircular  rib,  see  the  formule  for  such  ribs  when  made  of 
timber.  Article  345,  pp.  481,  482. 

A  simple  and  light  roof  for  moderate  spans  is  made  faj  using 
bent  sheets  of  corrugated  iron  so  as  to  act  at  once  as  a  oorering  and 
an  arch,  the  thrust  at  the  foot  being  resisted  by  horixontal  tie-rod& 
As  to  the  strength  of  corrugated  iron,  see  Article  375,  p.  543. 

377.  IrMi    Bimced    CUvdcm— d^aend    Ocslga. — Iron    trusses  or 

braced  girders  are  analogous,  in  their  figure  and  in  the  action  of 
the  load  upon  them,  to  the  timber  '* bridge  trusses"  already  described 
in  Article  341,  p.  475,  and  the  same  formulas  are  to  a  great  extent 
applicable  to  both.  The  chief  differences  are,  that  pieces  which 
act  alternately  as  struts  and  as  ties  are  more  frequently  found  in 
iron  than  in  timber  trusses;  and  that  in  iron  tmases  figures 
frequently  occur  which  resemble  those  of  timber  trusses  inrated, 
so  that  the  ties  become  struts  and  the  struts  ties. 

For  the  distribution  of  the  load  amongst  a  set  of  parallel  bridge- 
girders,  see  pp.  475  to  477. 

The  following  axe  examples  of  the  general  designs  of  iron  braced 
girders  :— 

I.  Triangular  2VtiM.^See  fig.  252.)    This  exactly  resembles 

the  triangular  timber  truss,  fig.  207, 

p.  470,  inverted;  B  B  being  a  struts 

supported  in  the  middle  by  the  strut 

D,  and  the  tie-rods  A  and  C.     The 

^"  ^^^  stress  on  each  of  its  pieces  may  be 

computed  by  means  of  the  formuls  1,  p.  470,  substituting  thrust 

for  tension,  and  tension  for  thrust 

If  each  of  the  divisions,  B,  B,  of  the  horizontal  strut  acts  also 
as  a  beam,  supporting  a  distributed  load,  the  greatest  intensity  <^ 
thrust  amongst  its  particles  is  to  be  computed  by  the  formula 
(already  given  for  arched  ribs). 


■k(^*-): « 


^  =  AVfA 

in  which  H  is  the  horizontal  thrust,  computed  as  in  p.  470; 
M,  the  bending  moment ; 
A,  the  sectional  area  of  the  strut  B  B ; 
h,  its  depth ; 

q,  a  factor  depending  on  its  figure,  as  to  which,  see 
Article  179,  p.  295. 
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67  transposiiig  p  and  A  in  equation  1^  above,  it  becomes  a 
formula  for  computing  the  required  sectional  area,  |>  being  made 
equal  to  the  greatest  working  thrust  per  square  inch. 

II  TroftaoidaL  rrtiM.— (See  fig.  253.)  This  resembles  the 
trapezoidal  timber  truss,  fig.  209,  p.  470,  inverted;  B  B  B  being 
a  horizontal  strut,  supported  by 
vertical  struts  K,  K ;  A,.  F,  and 
C,  are  the  principal  ties;  G,  G, 
tie-biaces,  which  act  only  when 
the  points  5  and  6  are  unequaUy  '  ' 

loaded  Fig.  263. 

The  greatest  stress  on  the  principal  pieces  takes  place  when 
both  points  5  and  6  are  fuUy  loaded 

Let  W  denote  the  greatest  load  on  each  of  these  points  (in- 
cluding onerquarter  of  the  weight  of  the  truss  itself) ; 

e,  the  half-span  of  the  truss; 

Xy  the  distance  of  each  of  the  points  5  and  6  from  the  middle 
of  the  span; 

hy  the  depth  of  the  truss,  measured  from  the  centre  of  the 
horizontal  strut  B  B  B  to  the  centre  of  the  horizontal 
tieF; 

H,  the  total  thrust  along  B  B  B,  and  total  tension  along  F ; 

T,  the  total  tension  on  each  of  the  inclined  ties,  A,  0; 
then 

H  =  W(c-«)H-;fe;  T=  ^(H«  +  W«). (2.) 

To  find  the  greatest  amount  of  tension,  S,  on  each  of  the 
^agonal  braces,  G,  G,  let  W  be  the  greaiest  eaocess  of  the  load  on 
either  of  the  points,  5,  6,  above  the  load  on  the  other  point;  then 
(as  in  equation  4,  p.  477), 

S  =  (I  +  ^'Kl)  •  ^A4^^ (3.) 

0  being  the  weight  of  one  of  the  braces. 

The  greatest  thrust  on  each  of  the  vertical  struts  K,  K,  is  given 
by  the  expression, 

,(3a.) 


Ji  6         4 


in  which  B  denotes  the  weight  of  the  horizontal  strut  B  B  B,  and 
K  that  of  the  upright  itself 

III.  Zig-zag  Truss,  or  Warren  Girder, — ^This  girder  consists  of 
upper  and  lower  horizontal  booms,  the  former  of  which  acts  as  a 
struts  and  the  latter  as  a  tie,  in  resisting  the  bending  action  of  the 
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loftd ;  of  a  aeries  of  diagonal  braces  forming  a  zig-ag,  wbiciL  resist 
the  fdieazing  action  of  the  load  by  thrust  and  tension  alternately; 

and  in  some  cases  of  a  aenes 

•^ — A — ^^ — A — 7=  «f  ^^i<*».«??>?»«'^:«^  **» 

\       /\       /\       /\  /       bang  crosa-joists  from  the  upper 

\  /     \  /    \  /     \       /  row  of  joints,  suck  as  1,  3,  5, 

y Y ¥ N  - 1>  i«  %  255.         ^ 

Fjg  264.  ^g-  254  represents  the  gene- 

ral design  of  a  Warren  girder 
suited  for  supporting  a  platform  above  it,  at  the  points  noarked 
with  the  even  numbers,  2,  4,  6,  &c  (as  in  the  Crumlin  Viaduct, 
fig.  228,  p.  494).  Fig.  2d5  represents  the  general  design  of  a 
Warren  ffirder  suited  for  supporting  a  seiies  of  cross-joists  below 
it,  hung  nom  all  the  joints,  1,  2,  3,  4,  5,  6,  <&a,  N  —  1. 

The  actions  of  the  load  on  this  girder  are  computed  by  the 
method  already  explained  in  Article  160,  pp.  230  to  343,  as  ap- 
plied to  a  beam  loaded  at  detached  points.     Wben  evezy  joint  is 


Fig.  255. 

equally  loaded  (as  in  fig.  255),  the  formula  for  the  bending  moment 
at  any  cross-section  is  that  of  Article  161,  Case  YIIL,  p.  247.  In 
computing  the  shearing  force,  regard  must  be  had  to  the  action  of 
a  travelling  load,  as  explained  in  Article  161,  Case  IX.,  pp.  247, 
248. 

The  most  convenient  method  of  oompating  the  stress  on  each 
piece  of  a  Warren  girder  is  by  means  of  a  series  of  additions  and 
subtractions,  geneial  fonnulie  being  only  used  to  check  the  ac- 
curacy of  the  results. 

The  first  step  is  to  number  all  the  joints  of  the  girder,  as  in  the 
figures,  designating  one  of  the  points  of  support  as  0,  and  the 
other  as  N;  N  being  the  number  (always  even)  of  equal  horizontal 
divisions  into  which  those  joints  divide  the  span.  Let  n  denote 
the  number  affixed  to  any  particular  joint; 

If  the  span  of  the  girder; 

ky  its  depth,  from  centre  to  centre  of  the  horizontal  booms; 

8,  the  length  of  each  diagonal  brace; 

F^  the  shearing  action  at  a  eross-^eotkii  between  the  jointi  n 
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and  n  + 1 ;  thus,  Fq  is  the  ahearixig  action  beiween  0  and  1 ; 

F|,  between  1  and  \  iio, 

H„  the  pull  or  thrust,  as  the  case  may  be,  upon  that  pieoe  of  a 

horizontal  boom  which  lies  between  the  joints  n  —  1  and  n  + 1 ; 

that  is,  opposite  the  joint  n  j  for  example,  H,  is  the  tension  on 

0  2  in  fig.  255,  or  the  thrust  on  0  2  in  %.  254;  Ho  is  the  thrust 

on  1  3  in  fig.  255,  or  the  tension  on  1  3  in  fig.  254;  and  so  on. 

The  most  severe  bending  action  at  each  cross-section  takes  place 

^beu  the  girder  is  loaded  over  the  whole  span ;  the  most  severe 

shearing  action  at  any  given  cross-section,  when  the  larger  segment 

of  the  span  is  loaded  and  the  shorter  unloaded;  therefore  the 

former  supposition  must  be  made  in  computing  the  stress  on  the 

horizontal  booms,  and  the  latter  in  computing  the  stress  on  the 

diagonal  braces. 

Two  cases  may  be  distingiushed ;  that  of  fig.  255,  in  which  the 
lo&d  is  applied  at  every  joint,  and  that  of  fig.  254,  in  which  the 
load  is  applied  at  the  joints  marked  with  even  numbers  only. 
The  former,  though  the  more  complex  in  construction^  is  the 
fiimpler  in  calculation,  and  is  therefore  taken  first. 

Cass  L — Bach  joint  loaded.  Let  the  fixed  part  of  the  load  on 
each  joint  be  «<7,  the  rolling  part  %/i/ ;  so  that 

W  =  (w+4iO(N-l), (4) 

is  the  full  load  of  the  girder. 

To  find  the  Horizontal  Stresses. 

Compute  the  supporting  pressure  (Fq)  at  each  of  the  points  0 
and  N  by  taking  half  the  full  load;  that  is  to  say, 

F,»^  =  («+«0-^. (6.) 

^n  compute  the  first  term,  and  by  successive  subtractions  of 

^e  qoantity  «r^  {tfi-k-fd),  all  the  other  terms,  of  the  £Dllowing8erijeB^ 

which  is  that  of  the  shearing  actions,  each  multiplied  by  the  ratio 
of  the  length  of  one  horizontal  division  of  the  span  to  the  depth  of 

^e  girder, 

'    F. 


Ac,  =  4X3. 


.(«.) 
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Then  the  series  of  horizontal  stresses  on  the  several  divisaona 
of  the  booms  are  to  be  computed  by  suooessiYe  adcUiioiM,  as 
follows : — 

I 


H,= 


N^ 


Fn; 


I 


H2  =  Hi  +  j^-gFi; 


I 


.(7.) 


The  test  of  the  accuracy  of  this  series  of  calculations  is,  that  for 
the  middle  horizontal  piece,  whose  number  is  N  -^  2,  it  should  give  a 
result  agreeii^  with  that  of  the  following  formula : — 

H«=^^w+«o. m 

This  is  the  maximum  value  of  H,  which  has  equal  valaes  for 
pieces  equally  distant  from  the  middle  piece. 

The  '^ue  of  H  for  any  particular  piece  whose  number  is  n  may 
be  tested,  if  required,  by  the  following  formula : — 


TT        ^    /         _f\  n(N-n) 


.(9.) 


To  find  the  Diagoncd  Stresses  due  to  the  fiooed  pari  of  the  Load. 

Let  the  stress  produced  by  the  fixed  part  of  the  load  on  the 
diagonal  brace  which  lies  between  the  joints  n  and  n  + 1  he 
denoted  by  T«.  This  will  be  a  pull  or  a  thrust  alternately,  ac- 
cording as  the  brace  in  question  slopes  downwards  or  upwards 
towards  the  middle  of  the  span.  The  values  of  this  stress  are 
computed  by  a  series  of  subtractions  of  the  constant  diffisraioe 

-5—  as  foUows : — 
k 

sw  N-1 


T  -T  -  — • 
T  -T  -  — • 


m 
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and  the  accuracy  of  the  calculations  is  tested  by  the  rule,  that  for 
the  braces  adjoining  the  middle  joint  of  the  girder,  the  result 
should  be  9  tr-r2  k. 

To  find  the  Diagonal  Streaaea  due  to  the  rolling  part  o/the  Load 

These  stresses  are  proportional  to  the  series  of  '' triangular 
numbers,**  0,  1,  3,  6,  10,  kCy  which  result  from  the  successive  ad- 
dition of  the  natural  numbers,  1,  2,  3,  4,  dec ;  and  they  are  to  b9 
oompoted  as  follows: — By  successive  additions  of  the  common. 

N-1  terms^ 

the  aocoracy  of  the  additions  being  tested  by  the  direct  computation 
of  the  last  term  of  the  series.  Then  compute  the  following  series 
of  N  stresses,  by  beginning  with  0,  and  adding  successively  the 
tenns  of  the  preceding  series; 

So=0; 


a      ^^ 


NA' 


(12.) 


and  test  the  accuracy  of  the  calculation  by  the  direct  computation 
of  the  last  term,  viz. : — 

8.-.<2^^. .(IS.) 

Divide  this  series  of  N  terms  into  two  halves,  and  range  the 
tenos  of  the  second  half  beside  those  of  the  first  half  in  inverted 
order;  thus 


.(14.) 
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Then  for  any  giyen  diagonal,  whose  nilmber  is  n  (that  is, 
lies  between  the  joints  n  and  n  + 1),  the  quantity  corresponding  to  thai 
number  in  the  first  column  (S.)  will  be  the  greatest  stress  prodaoed 
by  the  rolling  load,  of  the  contrary  kind  (thrust  or  pull),  to  that  pro- 
duced by  the  fixed  load;  and  the  quantity  in  the  same  line  of  the 
second  column  (Sn^^^.  i)  will  be  the  greatest  stress  produced  by  the 
rolling  loady  of  l^e  same  kind  with  that  produced  by  the  fixed  lo«dL 

To  find  the  greatest  resultant  Stress  on  each  Diagonal  BroM. 

(1.)  For  the  braces  which  slope  upwards  towards  the  middle  of 
the  span,  take  the  sum  of  the  stress  due  to  the  fixed  load,  and  the 
greatest  stress  of  the  same  kind  due  to  the  rolling  load,  as  expressed 
by  the  formula^ 

T.  +  S,^...; (15.) 

the  result  will  be  the  most  severe  stress,  and  wiU  be  a  thrusL 

(2.)  For  the  braces  which  slope  doumwards  towards  the  middle 
of  the  span,  make  the  same  calculation;  the  result  will  be  the 
grealest  stress,  and  will  be  tension. 

But  when  a  piece  of  wrought  iron  is  exposed  alternately  to 
tension  and  thrust,  the  thrust,  although  less  than  the  tension,  may 
be  more  severe,  on  account  of  the  smaller  capacity  of  the  material 
for  resisting  it.  To  ascertain  whether  this  is  the  case  for  any  parti- 
cular brace  sloping  downwards  towards  the  middle  of  the  span, 
compare  the  tension  produced  by  the  fixed  load  (T.)  with  the 
greatest  thrust  produced  by  the  rolling  load  (S^;  and  if  the  latter  is 
the  greater,  the  excess 

S.-T„ (16.) 

will  be  the  greatest  thrust  to  be  borne  by  the  brace  in  question. 

Case  II. — The  joints  marked  with  even  numbers  loaded,  the  others 
unloaded.     In  this  case  the  full  load  is  expressed  as  follows : — 


W=(«+«/)  •  g-l).  ..„ (17.) 


To  find  the  Horizonial  Stresses 
compute  the  supporting  pressure  at  the  point  0  as  follows :- 


p„="J=(«»+«o-(j-|) (la) 


Then  compute  the  following  series,  of  which  the  terms  are  equal 
by  pairs,  each  pair  being  less  than  ike  preceding  by  the  difference 
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'    F.=J,F„j 


Nl*'8  =  NA^»=50^i-F*^"'-*-«'>'       }-....(19.) 

The  test  of  the  accuracy  of  these  calculations  is,  that  for  the  divisioii 
adjoining  the  middle  joint,  the  result  should  be  as  follows : — 

If  the  middle  joint  is  loaded;  that  is,  if  n-  is  even,  — ^ — ; 

If  the  middle  joint  is  unloaded ;  iliat  is,  if  -^  is  odd ;  0. 

The  series  of  horizontal  stresses  are  computed  by  saocessive  ad- 
ditions, precisely  as  in  Case  L,  Tiz. : — 

The  test  of  the  accuracy  of  this  series  of  calculations  is,  that  for 
the  middle  horizontal  piece  it  should  give  a  result  agreeing  with 
that  of  one  or  other  of  the  following  formuLe : — 

K  N  -f-  2  is  even, 

H-=^^(w+«0; (21.) 

IfN^Skodd, 


^r^-r<«'^«^ (22-> 


To  find  ihs  Diagonal  Stresses, 

the  calculations  are  the  same  as  in  Case  I.,  with  the  following 

modifications : — 

N 
Throughout  all  the  calculations,  -^  is  to  be  substituted  for  N;  that 

N 
is  to  say,  the  girder  is  to  be  treated  as  having  -^  instead  of  N  divisions. 

Each  of  the  series  (10),  (12),  has  -^  instead  of  N  terma 

N 
The  series  (11)  has-*— 1  instead  of  N— 1  terma 

If  N-^2  is  odd,  there  will  be  a  middle  term  in  the  series  (12); 
and  when  the  second  half  of  the  series  is  ranged  in  inverted  order 
beside  the  first  half,  as  in  the  table  (14),  that  middle  term  is  to  be 
written  at  the  bottom  of  each  column. 
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Each  of  the  results  denoted  by  T  and  S  in  the  series  (10)  and 
(14),  and  by  their  sums  and  differences  in  the  formulse  15  and  16, 
applies  to  a  pair  of  adjacent  diagonal  braces,  one  sloping  upwards 
and  the  other  downwards  towards  the  middle  of  the  span.     Thus 

^Of  ^O'  ^".  I'  ^PP^y  ^  ^®  braces  0  and  1 ; 

TpSj,  Sir_,,  „        „  „     2  and  3; 

and  generally, 
T^  S^  Sff  _       ,  apply  to  the  braces  2n  and  2  n  + 1. 

The  ordinary  angle  of  inclination  of  the  braces  in  the  Warren 
girder  is  60°;  in  which  case  some  labour  of  calculation  is  saved  by 
the  fact  that  the  length  of  a  brace,  «,  is  equal  to  the  distance  from 
joint  to  joint  along  one  of  the  booms,  2  ^  -r-  N. 

Example  of  Case  II. — Suppose  the  design  of  the  girder  to  be  as  in 
fig.  254,  and  to  consist  of  17  equilateittl  triangles,  so  that  K  =  18; 

^  =  -L  =  -57735;|=11547; 

also  let  the  loads  on  each  of  the  points  2,  4,  6,  S,  10,  12, 14, 16,  be 
respectively 

fixed,  w  =  12,000  lbs. 

rolling,  t^rs  18,000  lbs. 

This  is  nearly  the  case  for  a  railway  bridge  girder  of  160  feet  qnn, 
supporting  half  the  load  of  a  line  of  raols.     The  supporting  pressure  is 

Fo=(m7  +  uO-  (^-i)  =  120,000  lbs. 

The  following  table  diows  the  calculation  of  the  horiaontal 
stresses: — 


Nife<^-*-^> 

n 

H 

Lbs. 

Lbt. 

Lbs. 

0,18 

69282*0 

173205 

1,17 

69282-0 

69282*0  thnist 

2,16 

51961-5 

138564-0  pull 

173205 

3,^5 

51961-5 

^905255  thrust 

4,14 

34<54i'0 

242487-0  pull 

It  ^  ^\  /%^%  •  ^ 

5»i3 

34641-0 

277128-0  thrust 

17320  5 

6,12 

17320-5 

31 1769-0  pull 

17320-5 

7." 

17320-5 

329089-5  thrust 

B,io 

0 

346410*0  pull 

9 

0 

346410-0  thrust  (Middle  piece) 
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The  Tcrificatioii  of  the  last  result  is, 

Hg = ^^^-  (w  +  tiO  =  20  X  17320-5  =  346410. 

The  following  are  the  calculations  of  the  stresses  on  the  braces, 
due  to  the  fixed  load : — 

To  =  ^  (^  -  g)  =  13856-4  X  4  =  55425-6 


8  to 

T 

n,  for  braces  to  which  the 

k 

results  are  applicable  as 

Urn. 

Lbs. 

Thnut.              Pnll. 

554256 

1,16               0,17 

13856-4 

41569-2 

3,14                2,15 

13856-4 

27712.8 

5»"             4,13 

138564 

138564 

7,10             6,11 

138564 

o  8,9 

The  following  table  shows  the  calculation  of  the  greatest  stresses 
produced  by  the  rolling  load: — 


liiVf 

s 

R,  for  braces  to  which  the 

N* 

results  are  applicable  as 

LbiL 

Lbs. 

Lbs. 

ThnisL             PuIL 

0 

0,17              1,16 

2309-4 

3309-4 

4618-8 

2309-4 

2,15             3,M 

3309-4 

6928*2 

6928-2 

4,13            5,12 

3309-4 

9237-6 

13856-4 

6,11             7,10 

2309-4 

1 15470 

230940 

8,9              9,8 

2309-4 

13856-4 

34641-0 

10,7             11,6 

2309-4 

16165-8 

48497-4 

12,5            13,4 

2309-4 

18475-2 

64663-2 

14,3            15,2 

83138-4 

16,1             17,0 
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The  verification  of  the  accuracy  of  the  addittons  is  given  hy  the 
following  calculation : — 

^  (^  -  I)  =  20784-6  X  4  =  83138-4. 

The  following  table  shows  the  combined  actions  of  the  fixed  and 
lolling  loads  on  the  braces;  &  denoting,  for  brevity's  sake,  the 
smaller  value  of  S  for  the  given  brace.  Thrusts  are  denoted  by  I, 
pulls  by  p : — 


n 

T 

S 

S' 

T  +  S 

S'-T 

Lbi. 

Lba. 

Lbs. 

Lbs. 

LlHL 

0,17 

BSi^S'^P 

83138-4 1> 

0   t 

138564-0  jp 

1,16 

554256  t 

83138-4  t 

0       p 

138564-0  t 

2,15 

41569-2  p 

64663*2  p 

2309-4  t 

106232*4  p 

3,14 

41569-2  t 

64663-2  t 

23094  p 

106232*4  t 

4,13 

27712-8  p 

48497 -4  p 

6928-2  t 

76210*2  J» 

5»" 

27712-8  t 

484974^ 

6928*2  p 

76210*2  t 

6,11 

13856-4  jp 

34641-0  p 

13856-4  « 

484974  P 

0 

7,10 

1 3856 -4  ^ 

34641-0  « 

13856*4  ;> 

48497*4  i 

0 

8,9 

0 

23094  x>  p 

23094*0 1 

230940  p 

23O94'0 

The  accuracy  of  the  numbers  in  the  columns  headed  T  +  S  and 
S'  —  T  may  be  checked  by  setting  down  the  former  in  direct  order, 
and  the  latter  in  inverted  order,  and  taking  their  second  differenoea, 
which  ought  to  be  constant,  and  equal  to2tft</H-N^;  that  is,  in 
the  present  case,  2309*4.     The  following  is  the  process : — 

First  Di£  Ssoqnd  Di£ 

138564*0 

32331*6 
106232*4  2309*4 

30022*2 
76210*2  3309*4 

27712*8 
48497*4  2309*4 

95403'4 
23094*0  3309-4 

23094*0 

o 

It  appears  from  the  values  of  S'  —  T  that  in  the  example  chosoi 
the  two  middle  braces  alone  act  alternately  as  struts  and  ties  under 
a  rolling  load. 

It  is  unnecessary  to  give  a  numerical  example  of  the  calculations 
in  Case  I. ;  for  they  differ  from  those  in  Case  IL  only  in  being 
more  simple. 

lY.  An  Iron  Lattice  Girder  oonsists  essentially  of  a  pair  of 


mOK  LAinCB  aiBDBR — OORTDIirOITB  OIBDEB&  5S9 

hoffuontal  Ixtoms  io  resist  the  bending  action  of  the  load,  and  of 
two  series  of  diagonal  braces,  inclined  opposite  ways,  nsaally  at  45^, 
to  resist  the  shearing  action.  There  may  also  be  npright  ribs,  one 
at  each  loaded  point,  and  one  or  more  at  each  point  <$  support,  to 
distribute  the  load  and  the  supporting  pressures  amongst  the 
diagonal  braces.  Although  these  upright  pieces  are  not  abslDlutel  j 
essential,  except  at  the  points  of  support,  it  is  advisable  not  to  omit 
them.  Their  strength  is  to  be  fixed  according  to  the  same  prin- 
ciples with  that  of  the  upright  ribs  of  plate  girders;  Article  370, 
Diirision  YL,  p.  530. 

To  compute  the  stresses  on  the  pieces  of  a  lattice  girder,  one  of 
its  points  of  support  is  to  be  designated  as  0  and  the  other  as  N, 
(N  being  the  number  of  divisions  into  which  the  loaded  points 
divide  it);  and  the  loaded  points  are  to  be  numbered  consecutively 
from  1  toN-1. 

In  computations  respecting  the  ^tearing  action  of  the  load,  F^  is 
to  designate  the  shearing  action  in  the  division  of  the  girder 
between  0  and  1,  F,  between  1  and  2,  ice,,  and,  generally,  F. 
between  n  and  n  +  I ;  but  in  computations  respecting  the  horir 
»o9Ual  ttressesj  which  depend  on  the  bending  action,  Hj  is  to  denote 
the  stress  on  the  booms  <U  a  vertical  section  traversing  the  point  1, 
4c. 

This  being  nndentood,  the  calculation  of  the  thrusts  and  pulls  on 
the  horisontal  booms  is  to  be  proceeded  with  precisely  as  for  Case 
L  of  a  sig-zag  girder;  formulae  5  to  9,  pp.  551,  552, 

To  find  the  stress  on  the  lattice  work,  compute  the  two  series  of 
quantities  T.  +  S,|_,_„  S,  —  T„  for  the  several  divisions  of  the 
girder,  as  for  a  zig-zag  girder.  Case  I.,  forraulse  10  to  16,  pp.  552  to 
554,  and  assume  each  of  those  forces  to  be  equally  distributed  amongst 
the  lattice  bara  that  traveise  the  division  of  the  girder  to  which  it 
belooga.  This  assumption  of  equal  distribution  is  not  exact;  but 
its  errors  are  not  of  practical  importance. 

If  the  loaded  points  are  numermis  and  near  each  other,  the 
girder  may  be  treated  as  an  imiformly  loaded  beam,  Article  161, 
Case  VI.,. p.  246;  and  Case  IX.,  p.  247. 

V.  Zig-zag  and  LaUioe  Continuous  Gird«r$, — In  both  these 
dasaes  of  girdera  the  effect  of  continuity  over  the  (Hers  may  be 
computed  as  follows : — 

Calculate  the  horizontal  stress  on  each  division  of  the  girder, 
when  fully  loaded,  on  the  supposition  that  it  is  discorUiTvuoua  at  the 
piers;  and  let  H^  be  the  result  thus  obtained  for  the  middle 
horizontal  bar.     Then 
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will  be  the  iennon  on  the  upper  boom,  and  thrust  on  the  lower  hooat 
of  a  continuous  girder,  over  the  piers,  when  its  spans  are  altematsly 
loaded  and  unloaded;  and  the  difference  between  this  and  the 
stress  H»  already  calculated  for  any  given  bar  of  the  girder  sup- 
posed discontinuous,  will  be  the  stress  on  that  bar  when  the  girder 
is  continuous  and  loaded  on  alternate  spans;  that  is  to  say, 

H.-H^ (24) 

When  this  expression  is  negative  (that  is,  when  H,  is  the  greater 
term),  the  kind  of  stress  is  reversed.  When  it  is  =  0,  it  indicates 
a  point  of  contrary  flexure. 

378.  irMi  Bnic«d  CUi^ct*— C«MinieiiMi. — L  General  Remarks. 
Various  iron  trusses  or  braced  girders  have  been  made,  in  which 
the  struts  are  of  cast  iron  and  the  ties  of  wrought  iron,  advantage 
being  thus  taken  of  the  greater  resistance  of  (sist  iron  to  cmshing 
and  of  wrought  iron  to  tearing;  but  the  greater  pliability  and 
brittleness  of  cast  iron,  and  the  rapid  diminution  of  its  resistance 
to  crushing  as  the  proportion  of  length  to  diameter  increases  (as  to 
which  see  Article  366,  p.  521),  have  led  to  the  general  employment 
of  wrought  iron  for  the  struts  as  well  as  for  the  ties,  care  being 
taken  that  the  struts  are  of  figures  suited  to  resist  a  thrust,  by  having 
sufficient  lateral  stiffness.  When  a  piece  acts  alternately  as  a  strut 
and  as  a  tie,  it  must  have  sufficient  total  sectional  area,  and 
sufficient  stiffiiess,  to  resist  the  greatest  thrust  that  can  act  along  it ; 
and  at  the  same  time  its  effective  sectional  area,  deducting  rivet- 
holes,  must  be  sufficient  to  resist  the  greatest  tension  which  can 
act  aJong  it.  As  to  the  figures,  construction,  and  mode  of  con- 
nection, of  iron  ties  and  struts,  see  Aiiiicles  364,  365,  and  366, 
pp.  518  to  524;  and  as  to  the  fastenings  by  which  they  are  con- 
nected together,  see  Articles  360  to  362,  pp.  515  to  517. 

II.  The  Trapezoidal  Truss,  already  treated  of  in  the  preceding 
Article,  p.  549,  and  represented  in  fig.  253,  was  used  on  an 
enormously  large  scale  by  the  second  Brunei  in  the  railway  viaduct 
over  the  Wye  at  Chepstow,  the  largest  span  of  which,  of  about 
300  feet,  is  crossed  by  two  paiullel  and  simDar  girdei^  of  the 
following  construction : — The  horizontal  strut  B  B  B  is  a  cylindrical 
plate  iron  tube  9  feet  in  diameter,  and  gths  of  an  inch  Ihick,  stif- 
fened by  transverse  circular  partitions  or  "diaphragms'*  s^  in- 
teiTals.  It  is  supported  at  the  ends  upon  cast  iron  saddles,  resting 
on  cast  iron  pillars.  The  effectif  e  depth  of  the  truss,  denoted  by  k 
in  the  formulae,  is  about  50  feet.  Each  of  the  principal  ties, 
A,  F,  C,  and  of  the  diagonal  braces,  G,  G,  consists  of  a  pair  of  flat- 
linked  chains,  attached  to  the  sides  of  the  tube,  and  sufficiently  far 
apart  at  the  level  of  the  bottom  of  the  truss  to  leave  room  for  the 
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traffic  on  a  line  of  lails  between  them.  The  vertical  strats  K,  K, 
are  Tectangular  frames  with  openings  sufficient  for  the  same  traffic. 
The  points  1  and  4  form  the  intermediate  supports  of  a  pair  of 
ordinaiy  plate  iron  girders,  whose  ends  rest  on  the  piers;  so  that 
for  those  girders  the  span  of  305  feet  is  subdivided  by  the  aid 
of  the  truss  into  three  spans;  the  central  span  being  124  feet, 
and  the  side  spans  each  90^  feet  Below  the  four  plate  girders, 
thus  hung  from  the  two  great  trusses,  are  attached  the  cross 
joists  of  &e  roadway.  The  two  tubes  are  braced  together  hori- 
xontally  to  increase  their  lateral  stiffiiess. 

The  total  fixed  load  of  this  structure  ybr  one  line  o/raila  is  about 
1^  tons  per  lineal  foot,  or  3,360  lbs.  The  greatest  rolling  load  may 
be  taken,  as  is  usual  in  railway  bridges,  at  one  ton  per  foot,  or 
2,240  Iba 

The  following  aie  the  proportions  per  cent,  in  which  the  fixed 
load  is  distributed : — 

£«ffectiYe  section  of  tube, 20  per  cent. 

Other  parts  and  appendages  of  tube, ...  15        „ 

Main  chains, 23        „ 

Diagonal  chains, 5        „ 

Upright  frames,  saddles,  d^, 9        „ 

Plate  girders,  joists,  and  roadway, 28        „ 

100 


With  the  fixed  and  rolling  loads  above-mentioned,  the  thrust 
along  the  tube  is  about  3,600 lbs.  per  square  inch  of  section;  so 
that  the  factor  of  safety  is  considerably  more  than  six  for  both 
fixed  and  rolling  loads. 

IIL  Warren  or  Zig-zctg  Girders. — In  the  earlier  examples  of 
these  girders,  the  upper  horizontal  strut  or  boom  was  a  tube, 
^^lindrical  inside,  and  on  the  outside  resembling  a  cylinder  with 
four  flat  projections  above,  below,  and  at  each  side,  for  the  con- 
venience of  attaching  the  diagonals  to  it.  The  strut  braces  were  of 
cast  iron,  and  cross-shaped  In  later  examples  the  upper  boom  and 
atmt  braces  are  made  of  wrought  iron;  the  upper  boom  being 
either  like  a  trough-shaped  girder  built  of  flat  bars  and  angle  iron, 
with  the  flanges  downwards,  or  Kke  a  box-beam,  and  the  strut- 
braces  H-shaped,  or  cross-shaped,  as  shown  in  ^g.  235,  p.  521. 
The  main  tie  or  lower  boom,  and  tiie  tie-braces,  consist  of  flat  links 
set  on  edge;  as  to  which,  see  Article  364,  Divisions  II.  and  IIL,  pp. 
518,  519.  The  joints  of  the  lower  boom,  and  its  connections  with 
the  braces,  are  made  by  means  of  large  cylindrical  pins.  Such  pins 
also  connect  the  braces  with  the  upper  boom,  whose  side  plates  or 
bats  form  a  channel  into  which  the  ends  of  the  braces  enter  and 

2o 
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fit  The  jotufcB  of  the  horiatmtal  tie  may  alao  be  made  faj  fishing 
and  liyettiiig.  The  whole  stmctore  has  the  adrantage  of  besng 
easilj  carried  in  pieces  to  its  intended  site,  and  there  put  together. 

If  the  platft>rm  is  hung  belov  the  girdera,  lateral  stability  bi  to 
be  given  to  then  b j  nuiking  the  vertical  soapending-ineoesy  whereby 
the  cross  joistaare  huag  from  the  higher  j(Mnts  of  the  girders,  of  aa 
I-flhaped  form  of  section,  and  equal,  or  nearly  equal  in  stiffitess,  to 
the  platform  joists.  When  the  platform  is  supported  abotve  the 
girder,  lateral  stififnesa  is  to  be  given  by  the  horiaontal  <Magonal 
bracing  of  the  platform,  and  also  by  vertical  transverse  duigonal 
bracing  between  the  girdors;  and  lor  this  pnipoee  rods  of  from  1 
inch  to  1^  inch  in  diameter  are  in  general  sufficient.  (For  details 
of  various  Wanen  girders,  see  Hunwer  On  Iron  Bridget.) 

From  the  manner  in  which  the  parts  of  a  zig-zag  ^^rder  are  con- 
nected together,  it  is  evident  that  its  diagonal  strot-braeesy  and  the 
several  divisions  of  its  horizontal  boom,  are  to  be  treated  aa  ainUg 
kinged  at  the  ends.    (See  Article  366,  p.  523.) 

rV.  LaUiee  Oirden, — The  fonns  md  modes  of  oonstructian  ap- 
plicable to  the  upper  and  lower  booms  of  the  Warren  girder  are 
also  applicable  to  those  of  the  lattice  girder.  The  diagmal  strut- 
braces  are  made  of  any  convenient  diape  that  is  weU  suited  to 
resist  thrust;  their  greatest  breadth  should  be  |daced  Ananmerse/y, 
because  in  the  longitudinal  plane  of  the  girder,  they  are  stiffened 
by  being  bolted  or  rivetted  to  the  tie-braces  at  each  interaeciioiL 
llie  holes  made  for  that  purpose  weaken  the  tie-braces,  and  are 
to  be  allowed  for  in  computing  their  strength.  In  the  Boyne 
Viaduct,  the  strut  diagonals  of  the  lattice  girders  are  themadves 
formed  like  small  lattice  beams,  consisting  of  a  pair  <^  T-iron  ribs 
connected  together  by  small  diagonal  braces. 

379.  irmi  B«wMrtaa  Giri«n« — ^The  most  common  kind  of  iron 
bowstring  girder  (fig.  256)  consists  of  a  cast  or  wrought  iron  ardi 
or  bow,  springing  from  two  shoes  or  sockets^  which  are  tied 


together  by  a  horizontal  tie;  the  cross  joists  of  the  platform  are 
suspended  from  the  arch  by  vertical  8u^)ending-pieoes,  which  at 
the  same  time  support  the  weight  of  the  tie;  and  stiffiiesa  to  resist 
a  rolling  load  is  given  by  means  of  diagonal  tie-braoe& 

The  proper  figure  for  the  centre  line  or  neutral  curve  of  the  bow 


k  a  parabola;  bnt  a  cbcolar  segment  is  often  nsod  in  practio& 
The  cTOfl^-eection  of  the  bow,  like  that  of  the  upper  boom  of  a  lattice 
girder,  must  be  of  a  form  suited  for  resisting  thrust  A  cylindrical 
tube  is  the  strongest  form ;  an  inverted  trough-shape,  either  cast,  or 
built  of  plates  and  angle  bars,  is  oonyenient  for  the  attachment  of 
tlie  snspending-fMeceB.  These  have  usually  an  I-shaped  section, 
with  the  greatest  breadth  transyerae^  to  give  them  lateral  stability  ; 
and  for  the  same  purpose  they  widen  towards  the  bottom,  where 
they  are  riv^tted  to  the  ends  of  the  plate  or  box  beams  that  form 
the  cross  joists.  The  main  ^  is  best  made  of  parallel  flat  bars  on 
edg^  and  is  made  fast  to  the  shoes  at  each  end  by  gibs  and  cotters ; 
the  diagonal  braces  are  round  or  flat  rods.  The  stress  on  each 
part  is  found  as  follows : — 

Oasb  I. — ^Ihe  girder  sttfiened  by  diagtmal  biaoea 

Liet  I  be  the  span,  measured  along  the  centre  line  of  the  main  tie, 
between  the  ends  of  the  centre  line  of  the  bow; 
k,  the  rise  from  oentre  line  to  centre  line; 

lOL  the  fixed  load,  and  \  -j.  _*  i    ^n.  ^ 

«r,  the  rolling  load,     |P«r  «nrt  <«I«ng«iof  span. 

Then  the  tension  of  the  main  tie,  and  the  horizontal  thrust  at 
the  crown  of  the  bow,  are  given  vexy  nearly  by  the  formula 

H=(»+tiOP-5-8*: (1.) 

The  thrust  at  any  other  pomt  of  the  arch  varies  nearly  as  the 
secant  of  its  inclination;  or,  to  express  it  in  symbols,  let  a;  be  the 
horizontal  distanoe  of  the  point  in  question  from  the  middle  of  the 
Mpaat;  then  the  thrust  is, 

V{H8  +  (t(7  +  «/)2(B2} (2.) 

At  the  springing,  for  x  put  1-7-2. 

Let  N  be  the  number  of  parts  into  which  the  vertical  pieces 
divide  the  span,  so  that  there  are  N  -  1  of  those  pieces;  the 
greatest  tension  on  any  one  of  them  is  nearly 


— 5^ — J [y-) 


vF  being  the  fixed  or  dead  load  per  unit  of  length,  exclusive  of  the 
wei^t  of  the  bow. 

It  is  possible  that  when  the  girder  is  partially  loaded  with  a 
tnyelling  load,  some  of  the  upright  pieces,  which,  with  a  uniform 
load,  act  as  ties,  may  be  made  to  act  as  struts.  To  find  whether 
tbis  is  the  ease,  number  the  uprights  from  one  end  of  the  girder; 
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let  n  be  the  namber  of  anj  given  upright;  compute  the  Talue  of  the 
expression 

^(^.•-^)-^); W 

if  this  is  positive,  it  gives  the  greatest  thrust  on  the  upright  in 
question ;  if  null  or  negative,  it  shows  that  the  upright  never  acts 
as  a  strut. 

The  greatest  tension  produoed  hj  a  rolling  load  on  any  given 
diagonal  brace  is  given  by  the  expression. 


v/l 


9  T^   > y*'/ 


2N« 

where  $  is  the  length  of  the  given  brace,  y  the  difference  of  level  of 
its  ends,  and  n  and  n  +  1  tiie  numbers  of  the  uprights  between 
which  it  is  placed. 

Casb  II. — ^The  girder  without  diagonal  braces.  In  this  case 
the  action  of  a  rolling  load  must  be  resisted  by  the  stiffiiess  of 
the  bow.  The  greatest  stresses  on  the  tie  and  on  the  suspending- 
pieces  are  given  by  the  expressions  (1)  and  (3)  respectively;  but  the 
bow  becomes  virtually  an  arched  rtb  hinged  ai  the  ends,  as  to  which 
see  Article  374,  Case  ILL,  p.  540,  and  Article  180,  Problem  TL, 
pp.  310  to  312.  In  computing  the  quantity  0  by  equation  51  of 
the  last-mentioned  Article,  p.  310,  the  effect  of  change  of  temper- 
ature is  not  to  be  considered,  because  the  bow  and  tie  expand 
equally ;  and  the  term  denoted  by  a  E  A^  -r-  ^  in  that  equation  is  to 
be  replaced  by  u«  -i- 1^,  denoting  the  ratio  which  the  greatest  safe 
shortening  of  the  bow  bears  to  the  greatest  safe  lengthening  of  the 
tie.     K  ti^ey  are  both  of  wrought  iron,  this  may  be  assumed  as 

approximately  =  ^. 

Case  III. — Bowstring  Suspension  Bridge. — (Fig.  257.)  In  this 
class  of  bridge,  of  which  the  greatest  example  is  ^at  erected  by  the 


second  Brunei  over  the  Tamar  at  Saltash,  the  tie  hangs  in  a 
catenary  curve,  and  assists  the  bow  in  supporting  the  vertical 
pieces.  The  bow  is  a  wrought  iron  oval  tube  stiffened  by  tians* 
verse  diaphragms ;  the  tie  consists  of  a  pair  of  chains. 

In  fixing  the  ^proportions  of  a  bridge  of  this  kind,  it  is  advisable 
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to  maJce  the  horusontal  thrust  dtte  to  the  weight  of  the  bow  balance 
the  borjzontal  tension  due  to  the  weight  of  the  tie,  independently 
of  aoy  adcUtional  load;  and  for  that  purpose,  the  common  hori- 
«>ntal  chord  of  the  two  arcs  should  divide  the  greatest  vertical 
distance  between  their  lines  of  resistance,  A  C,  at  the  point  D^ 
into  s^ments  proportional  to  their  weights;  that  is  to  say, 

TVe^ht  of  bow  :  weight  of  tie  :  sum  of  weights 
AD  DC  :      AC=*. 

The  fonnulse  applicable  to  this  case  are  the  same  with  those  for 
Case  X.  or  Case  JJL,  according  as  the  girder  is  enabled  to  resist  a 
travelling  load  by  means  of  diagonal  braces,  or  by  the  stiffness  of 
the  bow  alone. 

380.  gij-rBJ  Kr«M  Arehca. — ^This  term  is  applied  to  arches  in 
which  the  art^bed  rib  and  horizontal  rib  are  so  connected  together 
bv  as-BLg  braces  (as  in  fig.  258),  or  by  lattice  work,  in  the  inter- 
vening spandril^  tbat  each  half-arch,  together  with  its  spandril, 
forms  one  stiff  firanae  or  truss.  The  best  examples  of  this  kind  of 
arch  are  made  of  'wrought  iit>n;  amongst  them  may  be  mentioned, 
the  railway  bridge  over  the  Theiss  at  Szegedin,  by  M.  Cezanne 
(Annates  des  PorUs  et  Chaussies,  1859),  which  consists  of  eight 
arches  of  41-418  metres  in 
span  (135-88  feet),  and  the 
bridge  of  the  Paris  and  Creil 
railway  over  the  Canal  Samt- 
Denis,  by  M-  M.  Salle  and 
Mantdon  (Annaieg  ties  Fonts  et 
ChaussSss,  1861),  consisting  of 
a  single  arcb  of  dimensiomi 
whidhwiU  presently  be  stated. 
Each  of  those  structures  con- 
siats  of  four   parallel   frames, 

der  eaeb  rail ;  each  frame  consists  of  a  curved  rib,  a  straight 
one  un  ^     a^d  ft  zig-zag  series  of  braces,  alternately  vertical 

nonzon  ^  Jjiese  pieces  are  built  of  plate  and  bar  iron,  rivetted 

fV.v ^^  ^Ag^^  tbe  virhole  frame  acts  like  one  piece.  In  the  Theiss 
r^??'  ^^  «  xjj^  pieces  are  I-shaped  in  section,  consisting  of  a  middle 
bnage,  a      -  ^        ^j-  tables  connected  to  it  by  angle  irons  and 


Fig.  268 


-oiiai^,  Vfc 'tb 

m*  J^^^  for  about  one-eighth  of  the  span  on  each  side  of  the  crown, 
nae^ana  ,  curved  rib  have  no  opening  between  them, 

the  horizontia  no  ^^^.^  ^^^  serves  for  both.     The  four  parallel 
^«  ofi^e  Mch  are  stiffened  transversely  by  two  sets  of  T-shaped 
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diagonal  ebkjs,  one  oonnectiDg  the  hori«»ntal  ribs  together,  and  tlie 
other  the  curved  ribs. 

It  has  already  been  stated  in  Article  374,  pi  540,  tiiat  M. 
Mantion  proposes,  as  the  best  mode  of  oonstmcting  an  itdq  arch,  to 
have  hinges  at  the  crown  and  at  the  springing,  as  at  A  and  B,  fig. 
258.  The  arches  of  the  Paris  and  CreiL  railivay  bridge  are  hinged 
at  the  springing,  but  continuous  at  the  crown;  those  of  the  Theias 
bridge  are  continuous  at  the  crown,  and  have  flat  abutting  sur&ces 
at  the  springing;  neyertheless,  from  the  smallness  of  those  sni&oes 
as  compared  with  the  other  dimensions  of  the  arch,  it  is  probable 
that  the  arches  of  this  bridge  also  act  nearly  as  if  thej  yr&e  hinged 
at  the  e^ninging^ 

The  following  are  some  of  the  principal  dimensionB  of  the  Paris 
and  Creil  railway  bridge : — 

The  length  of  each  semi-arch  is  divided  into  ten  equal  divisions 
horizontally;  there  are  in  each  spandril  eight  vertical  and  six 
diagonal  braces;  for  two  divisions  and  a-half  adjoining  the  crown 
there  are  no  braoesi  the  curvad  and  stnight  ribs  having  one  web  in 
oommon. 


Span  between  tziB  of  beiilDgiB, • ^ 44*846    I47'i4 

K«, 4-85        15^1 


Depth  of  enrved  rib  (=Bpin  -^  6S  nearly),  .^ 0*680  2677 

„     ofttni^tribi 0*300  n-8i 

„     of  Gombhied  rib  at  crown, — ..  0705  2776 

„     of  braces,  four  longest  ftt  each  end,  ...•« 0-200  7*87 

„     of  braces,  remainder,  ...»•....••.«.-••.•»•...«•« •••..•••  0*150  5*9^ 

Breadth, 1  of  T-shaped  tnmrrene  braces  of  curved  fo'150  5191 

Depth, /     ribs, ^ Vot>8o  3-15 

Breadth, \  of  T-shaped  tcaosversebnneB  of  straight  (0*125  4*92 

Depth, /     ribs, ^ \ox)6o  4-56 

Length, 1  of  semi-cylindrical  bearings  ior  eoda  of  fo*3Q2  11^89 

Diameter, }      curved  ribs, \o*20o  7-S7 

Length, ^  ri"40  53'il 

Biendth, I  of  east  iron  abnttftDg-pteta,  which  car-  J  irto  39-37 

(     ries  aemk^lindiical  baariqg, .••  )  eboot  ahoat 

IfeandiiokiMv—J  f^So  3-15 


AieasofCraMeelloD.  mSSSttUi  hkb^ 

Combined  rib  at  crown, 59i400  9207 

Cnrved  rib  in  five  divisions  a4}ohiiqg  the  crown, P^  77»650  12036 

Carved  rib— Bemajadeiv t.^.. - 35i9SO  5572 

Horiiontalrib -f*^  23,200  35^96 

*                                                         I     to  9,700  i5tH 

BracesL            ^          /*^  7»^^*  ""S^ 

Tnnsfm.  diagonal  stays, {*^|;  ^7g  4^^| 
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The  honzontal  ribs  perform  the  duty  of  beams  in  supporting 
cross  joists ;  for  1)681(168  the  joists  that  lie  directly  above  the 
npnghts  of  the  spandril,  there  are  two  intermediate  joists  at  equal 
diflteioes  resting  on  the  liorizoiitai  ribs  in  eaoh  flfisoe  between  a 
of  «pn^t& 

The  foUowing  is  the  load  of  the  structure : — 

T«al  ftr  Doable  line.      "*J5S^*^ 
ISXkigmnmtM.  Urn.        g^J^^ 


>••••••%>•• 


Bead  loftd  exdosive  of  iron  ihune^  viz.: — 
Timbar  pUtfocm,  ..« ».    45,000 


X254OQO 


»«•«%•%•■■•••••<  •«••«< 


99*4^3 

875  i5.«57       «  «    5a 

93M»o ai3,S«8 737 


337 
33* 


Gnitait   wotUqg  five  load,  l 
cKinuited   at   4,000  Kilo- \ 
grammes  per  m^tre  of  eiog^e  f 
line^  on  90  mdtne, / 

IVrtal  gfoaiwit  tratkiiig  load, • 


222,000 
360^000 

582,000 


489,426         1,663 
^3,663         8,697 


1,283,089         4,360 


The  followii^  aie  the  methods  of  cosnqputing  the  stresses  on  the 
several  pieces  of  a  braced  iron  aroih: — 

For  the  uprights  and  sloping  braces,  use  the  same  rules  as  for  the 
gHapendufig-rods  and  diagonal  braces  of  a  bowstring  girder.  (See 
Axtide  $79 f  p.  S63).    JPor  the  arch  proceed  as  follows : — 

Case  L — When  the  arch  is  hinged  both  ai  craum  and  springing, 
the  most  severe  stress  on  the  arc  and 
on  the  horizontal  rib  are  determined  as 
fbUowSy  with  an  approximation  suf- 
fixnent  for  prsctioal  puposes  (see  fig: 
S59):— 

Let  to  be  the  dead  load  per  lineal 

foot;  Fig.  269, 

«/,  the  five  load  per  lineal  foot; 

e^  the  half  spsoi,  ]  of  the  centre  line  of  the  arched  lib  in 
k,  the  rise,  j      feet 

Then  the  horizontal  ihmst  due  to  the  dead  load  is, 


(1.) 


and  to  a  live  load  over  l&e  whole  span, 
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^-%-t> (^) 

and  if  this  be  the  most  seyere  way  of  loading  the  aich,  the  required 
sectional  area  at  any  given  point  of  the  arched  rib,  whesre  its  in- 
clination is  i,  will  be^ 

^^(H,  +  yaec*. ^3^j 

/'  being  the  safe  working  thrust  on  the  material;  or  say  about 
6,000  lbs.  per  square  inch. 

To  ascertain  the  effect  upon  the  curved  and  straight  ribs,  of  load- 
ing one-half  of  the  arch  with  the  live  load,  and  leaving  the  rest 
unloaded,  either  a  geometrical  or  an  algebraical  method  may  be 
followed.  For  the  geometrical  method,  let  A  B,  fig.  259,  be  the 
centre  line  of  the  curved  rib,  0  L  that  of  the  straight  rib;  join 
A  B  with  a  straight  chord.  Let  X  0  M  be  any  vertical  ordinate; 
Then  the  stress  along  the  horizontal  rib  at  X  is, 

2CX  ' ^^'> 

and  this  is  tension  when  X  is  in  the  unloaded  half  of  the  span,  and 
thrust  when  it  is  in  the  loaded  half. 

The  horizontal  component  of  the  greatest  stress  arising  &om  a 
rolling  load  on  half  the  span,  at  the  point  G  in  the  arched  rib, 
occurs  when  C  is  in  the  unloaded  half  of  the  rib,  and  is  as  follows : — 

HrMX. 
2CX   ' ^  -^ 

and  should  this  prove  greater  than  Hp  that  is  to  say,  should  M  X 
be  greater  than  2  C  X,  the  expression  (5)  is  to  be  substituted  for 
H^  in  equation  3;  but  should  M  X  be  not  greater  than  2  C  X, 
equation  3  is  to  be  left  unaltered. 

To  find  the  point  of  greatest  horizontal  stress  in  the  unloaded 
half  of  the  beam,  produce  the  straight  lines  L  O,  B  A,  till  they 
meet  in  N,  from  which  draw  N  C  touching  the  curve  A  C  B;  C' 
will  be  the  point  sought. 

The  algebraical  formula  for  the  expressions  (4)  and  (5)  are  as 
follows : — 

Let  0  A  =  a;  O  X  =  a;;  then, 


2CX    "    2(a<^-hkgi?)  ' ^*^^ 
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2  C  X '  *"  2  (a  c2  +  /b  a;2) yP  ^) 

The  Talue  of  x  which  makes  the  last  expression  a  maximum  is 
given  by  the  equation 

OX'=^=c{^f^-l} (6.) 

It  is  to  be  obseired  that  the  processes  expressed  by  the  formula 
4,  5,  4  Ay  5  a,  6,  are  applicable  only  to  the  opemoork  parts  of  the 
frama  Where  the  horizontal  rib  and  the  arched  rib  are  connected 
by  a  web,  so  as  to  form  virtually  one  rib,  that  rib  is  to  be  con- 

ceived  to  be  under  the  combined  action  of  the  thrust  Ha  +  —^ 

and  the  bending  moment 

^""        2        ~  ^i?'  ^' 

Let  h  be  the  depth  of  the  compound  rib,  and  q  a  co-efficient 
depending  on  its  form  of  section,  as  given  in  pp.  294,  295.  Then 
its  sectional  area  is  given  by  the  equation 


(8.) 


and  ifihia  a/rea  U  greater  than  that  given  by  equation  3,  it  is  to  be 
adopted. 

Case  II. — When  the  rib  is  continuoua  at  the  crovon,  the  exact 
determination  of  the  state  of  stress  at  different  points  becomes  a 
problem  of  almost  impracticable  complexity;  but  an  approximate 
solution,  sufficient  to  determine  what  sectional  area  is  required  at 
and  near  the  crown,  in  order  to  resist  the  straining  effects  of 
deflection,  yielding  of  the  piers,  and  changes  of  temperature,  may 
be  obtained  as  follows : — 

Compute  a  series  of  values  of  the  expression  q  id  h\  as  explained 
in  Article  180,  p.  302,  equation  17,  for  a  series  of  equidistant  cross- 
sections  of  the  entire  iron  frame,  and  use  the  msmn  of  all  those 
values  to  compute  the  quantity  0  by  the  following  formula : — 

^  =      8*2        V^  +  3^^ e-^l^J'  "•^^•^ 

in  wliich  a  is  the  enlaigement  of  span  due  to  yielding  of  the  piers 
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per  lb.  of  tbrast ;  A^^  an  asBomed  approximate  aectioiial  area  of  tiie 
curved  rib;  £,  the  modulus  of  elastiohy;   zqp,  t,  the  e: 


I  ^^  r  ^^  temperature;  e,  the  co-efficient  of  expansion  per  degree 

(see  p.  539);  p^  the  intended  mean  intensity  of  tiirust  at  the 
crown. 
Then  calculate  a  momieiit  of  flexure  as  follows : — 

let  A||  be  the  depdi  <^  the  lih  ai  the  oroion,  and  q^  the  value  of  q 
for  the  same  point;  then  the  ooneoted  sectional  area  at  the  ciown 
will  be. 


^=7(^  +  ^  +  ^ 


\      H<,  +  H, 


(       0  *         ,  l) 

MH-C!)yo^)      /• 


.(11.) 


When  the  horiaontal  rib  of  a  braced  iron  arch  acts  also  as  a 
beam,  the  sectional  area  required  to  resist  at  once  the  direct  stress 
and  tlie  bending  action  is  to  be  computed  according  to  the  principle 
of  Article  374,  Case  III,  equation  2,  p.  540. 

381.  Wwm  Plena — An  iion  {ner  for  supporting  arches  or  ^rders 
may  consist  of  any  convenient  number  of  hollow  cylindrical  pillars, 
either  vertical  or  raking,  each  pillar  being  made  of  pieces  of  a 
convenient  length,  turned  or  planed  at  the  ends,  and  united  by  a 
projection  and  socket,  and  also  by  flanges  or  lugs  and  bolts,  as 
explained  in  Article  365,  p.  521,  and  the  several  pillars  beiz^ 
connected  together  by  horizontal  and  diagonal  bracea  For  the 
method  of  determining  the  stress  on  each  pillar  and  brace,  see 
Article  348,  pp.  484,  485.  Each  length  of  a  pillar 
between  a  pair  of  braced  points  may  be  considered  as 
a  stmt  hinged  at  the  ends,  and  its  strength  computed 
accordingly.     (See  Article  365,  p.  521). 

As  an  example  of  piers  constructed  in  tiiis  manner, 
may  be  taken  those  of  the  Crumlin  Viaduct  (fig.  228,  p. 
494),  in  which  the  greatest  height  of  the  rails  above  the 
valley  is  about  200  feet.  Each  pier  consists  of  fourteen 
cast  iron  columns,  in  lengths  of  17  feet,  with  an  uni- 
form external  diameter  of  12  inches,  and  a  thickness  of 
metal  ranging  from  one  inch  at  the  base  to  |  inch  at  the 
top.  The  two  centre  columns  are  vertical;  the  remain- 
dor  rake  in  such  a  mauner  that  while  the  base  of  the  highest  mer 
measures  60  feet  by  27,  the  top  of  each  pier  measures  30  by  1 8.    The 
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longitadiBftl  and  tnuuTTerse  liorisontal  bnoes  axe  cast  iron  beams, 
I-^ped  in  seetioD,  and  IS  indMS  deep;  their  flanges  are  5  inches 
IxtscL  The  diagonal  braces  in  vertical  and  raking  planes  are  flat 
bais  aeasoiing  4  inches  by  |  inch;  there  ore  alsa  horizontal 
diagonal  braces,  irhich  are  round  rods  of  2  inches  diameter.  Each 
oolomn  has  a  Ibot  or  base  from  3  feet  to  5  feet  hig^,  spreading  to 
3  feet  square,  and  resting  on  a  feondation  of  masonxr  to  whidi  it  is 
bolted  and  joggled.     {8ee  Humber  0»  Iron  Bridge^ 

Wrought  iron  struts  of  suitable  figures  maj  be  used  instead  of 
cut  iron  pillars  in  the  construction  of  pieis;  and,  like  them,  they 
ue  to  be  considered  as  hinged  at  the  points  irhii^  are  fixed  by  the 
bracing    (See  Aitide  566,  pi  d2L) 

In  soaie  oases  a  pier  is  mafde  of  a  single  rov  of  hollow  cylindrical 
cist  nun  pillan,  or  even  of  a  single  audi  pillar;  in  whkh,  case  the 
greaiest  intensity  of  tenakMi  and  of  thmst  aie  to  be  computed  as 
foUovs: — ^Let  P  be  the  vertical  load  of  cue  pillar;  H,  tilie  hori- 
zontal thrust  applied  to  it,  at  a  height  of  Y  above  its  base,  or  above 
the  horizontal  section  at  which  the  stress  is  to  be  calenktod;  d,  the 
mean  between  the  external  and  intecnal  diameters  of  the  pillar; 
A,  its  sectional  area  (=  3*1416  d  X  tiiidcnesB  of  metal);  then 

greatest  intensity  of  {  ^J^  }  =  i-(i^  =1=  P)  ""-rfy-  (l;) 

Oases  in  which  the  bending  moment  arising  firom  the  thrust 
differs  from  H  Y  'will  be  considered  further  on. 

When  a  pillar  simply  rests  on  a  firm  base,  without  being  imbed- 
ded in  the  soil  like  a  pile,  it  is  advisable  so  to  proportion  it 
that  there  shall  be  no  tension  at  any  point  of  its  base ;  and  for  that 
putpoee  the  diameter  at  the  base  should  not  be  less  than  that 
given  by  the  following  formula : — 

''=^-- (2.) 

As  examples  of  piers  of  this  class,  may  be  taken  those  used  for 
the  bridges  of  the  Bombay  and  Baroda  milway,  by  lieutenant- 
Colonel  Kennedy  (see  Civil  Engineer  and  Architects*  Joumai, 
September,  1861),  each  consisting  of  three  hollow  cylindrical 
vertical  cast  iron  pillars,  connected  together  by  horizontal  and 
diagonal  braces,  wil^  the  addition,  in  powerful  currents,  of  a  pair  of 
nldog  struts  of  the  same  dimensions  and  construction  with  the 
piUais,  making  angles  of  30""  with  the  vertical  The  pillars  are 
<»8t  in  lengths  of  9  feet,  and  are  2  feet  6  inches  in  external 
diameter,  and  1  inch  thick;  the  lengths  are  connected  together 
bj  flanges  and  bolt&  For  the  part  above  ground  the  fianges  are 
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external,  and  have  each  12  bolts  of  1  inch  diameter;  for  the 
part  below  ground,  they  are  internal,  and  have  each  10  bolts;  asd 
the  diameter  above-mentioned  has  been  adopted  as  the  least  which 
will  easily  admit  of  a  workman's  going  inside  to  fasten  the  bolts  of 
the  internal  flanges.  In  foundations  in  earth  the  lowest  length 
forms  a  screw-pile,  with  a  screw  4  feet  6  inches  in  diameter,  by 
means  of  which  the  pillar  is  screwed  from  20  to  45  feet  into  the 
ground  according  to  the  softness  of  the  material.  Further  mention 
of  such  piles  will  be  made  in  a  subsequent  chapter,  under  the  head 
of  "  Timber  and  Iron  Foundations."  When  the  ground  consists  of 
rock,  each  pillar  is  inserted  into  a  cylindrical  hole  about  2  feet  deep, 
and  fixed  there  with  cement.  The  three  vertical  pillars  stand  at 
distances  of  14  feet  from  centre  to  centre.  The  horizontal  braces 
are  of  T-iron,  of  a  sectional  area  between  5  and  6  square  inches;  the 
diagonal  braces  are  of  angle  iron,  of  a  sectioual  area  between  3  and 
4  inches ;  each  brace  is  fiutened  to  lugs  on  the  pillars,  and  tightened 
at  one  end  by  a  gib  and  cotter. 

The  piers  just  described  have  lateral  stiffiiess  sufficient  to  with- 
stand the  pressure  of  a  current,  or  of  bodies  borne  along  with  it; 
but  they  are  not  adapted  to  bear  the  thrust  of  an  arch,  unless  it  be 
one  of  very  small  size.  The  superstructure  of  the  bridges  in  which 
they  are  used  consists  of  Warren  girders. 

In  some  lately  erected  bridges,  the  cast  iron  columns  which  form 
the  piers  are  cylinders  of  7  feet,  9  feet,  10  feet,  and  upwards,  in 
diameter,  and  from  1  to  2  inches  thick,  filled  with  concrete  or  with 
rubble  masonry.  The  mode  of  sinking  such  cylinders  will  be 
described  under  the  head  of  "Timber  and  Iron  Foundations.'' 
They  are  capable  of  withstanding  a  considerable  thrust  from  an 
arch. 

For  example,  in  the  Theiss  bridge,  mentioned  in  Article  380, 
p.  665 ,  each  pier  consists  of  two  cylinders,  side  by  side : — 

The  diameter  of  each  cylinder  is  3  mdtres,  or  9 '^43  ^^^ 

The  thickness, about  i'38    inch. 

The  depth  of  the  springing  of  the  arches  \ 

below  the  centre  line  of  the  horizontal  >     Y'  =  18*93    feet 

ribs, I 

The  height  of  the  springing  of  the  arches  )      v  —-  6i;-        feet 

above  the  base  of  the  pier, f  —    ^^ 

The  greatest  thrust  against  a  column  oc- 
curs when  one  of  the  arches  springing 

from  it  is  fully  loaded,  and  the  other 

unloaded ;  in  this  case  the  vertical  load 

on  ons  column  is, 

And  the  excess  of  the  thrust  of  the  \     tt  _  /:    -     iko 

loaded  over  that  of  the  unloaded  arch,  /     ^  -S^hSoo  iw. 


P  =  368,000  Iba 
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M.  Cezanne,  in  hb  aoooant  of  this  bridge  before  referred  to,  con- 
siders the  column  as  a  vertical  beamy  acted  upon  by  the  pressure  H 
at  the  springing  of  the  arch,  which  is  resisted  by  the  thrust  of  the 
horizontal  rib  of  the  unloaded  arch  at  the  top  of  the  column,  and  by 
that  of  the  foundation  at  its  base,  so  that  the  bending  moment, 
instead  of  being  K  Y,  as  in  equation  1  of  this  Article,  is 

HYy  ,ox 

and  the  greatest 

thrust 
tension 


}4(^^*-) <*■> 


According  to  these  princij^es,  the  greatest  intensities  of  the 
sbneas  in  the  cylinders  of  the  TheiBS  bridge  are, 

Thrust,  about  4,300  lbs.  per  square  inch. 
Tension,  about  730       „  „ 

383.  aMpfii—  BviifM* — L  Figure,  Weight,  Arrangemeni,  and 
Loading  ofChame  or  CaJblee, — ^The  whole  theory  of  the  action  of  an 
umfonnly  distributed  load  on  a  suspension  bridge,  when  the  sus- 
pending-rods  are  vertical,  has  been  given  in  Article  125,  pp.  188  to 
191,  and  when  the  suspending-rods  are  oblique,  in  Article  126,  pp. 
191  to  194. 

It  is  advisable  to  make  the  factor  of  safety  for  the  fixed  load 
three,  and  that  for  the  rolling  load  six;  but  in  many  actual  sus- 
pension bridges  the  fEM^rs  are  much  lesa 

When,  for  reasons  of  practical  convenience,  each  chain  is  made  of 
uniform  sectional  area,  that  area  must  be  proportioned  to  the 
greatest  puU;  that  is  to  say,  to  the  pull  at  the  points  of  support 
(or  at  the  highest  point  of  support,  if  their  heights  are  unequal); 
bat  a  saving  may  be  made,  both  of  load  and  of  material,  by  making 
the  sectional  area  of  the  chain  at  dififerent  points  vary  as  the  pull ; 
that  is  to  say,  as  the  secant  of  the  angle  of  inclination  of  the  chain. 
The  weights  of  sections  of  the  chain,  extending  over  equal  horizoiUal 
dtatancesy  will  in  this  case  vaiy  as  the  equcvres  of  the  secants  of 
their  angles  of  declivity. 

The  following  formulas  show  both  the  absolute  and  comparative 
weights  of  chains  of  uniform  section  and  of  uniform  strength,  to  a 
degree  of  approximation  sufficient  for  practical  pxirposes : — 

Let  X  be  the  half-span  of  the  chain ;  y,  its  depreasion,  both  in  feet ; 
the  ordinary  proportions  of  re  to  ^  range  from  4^  :  1  to  7^  :  1. 

Let  C  be  the  weight  of  a  chain  of  the   length  cc,  and  of  a 
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plane,  about  a  horizontal  axis,  so  as  to  lean  sH^tiy  inirards  or  out- 
wards as  the  distribution  of  the  load  -varies. 

Mr.  P.  W.  Barlow  has  proposed,  in  order  to  diminiBh  or  preroit 
the  disfigurement  of  a  suspension  bridge  of  many  bays,  w&n  one 
bay  is  loaded  and  the  adjoining  bays  u^oaded,  that  the  ends  of  the 
chains  of  each  bay  should  be  znisKle  fistft  to  the  top  of  a  wrought  iron 
pier,  oonstructed  like  a  plate  girder  set  on  end,  and  haying  strength 
and  stability  sufficient  to  resist  the  excess  of  horizontal  tension  in 
the  loaded  bay  above  that  in  the  unloaded  bay. 

Let  vi  denote  the  greatest  traveUing  load  per  foot  of  span ; 

Xf  the  half-span  of  a  bay; 

y^  the  depression  of  each  chain; 

then  the  excess  of  horizontal  tension  in  question  is 


H'  = 


(5.) 


and  this  being  multiplied  by  the  depth  of  any  given  horiaontal 
section  of  the  pier  below  the  point  of  attachment  of  the  chains, 
gives  the  bending  moment  at  that  section.  The  vertical  stress 
produced  by  that  moment,  compressive  at  one  side  of  the  pier  and 
tensile  at  the  other,  is  combined  with  the  compressive  vertical 
stress  produced  by  the  total  load,  whose  amount  is  as  follows : — 

Let  w  be  the  fixed  load,  per  foot  of  span; 

W",  the  weight  of  the  pier  itself,  above  the  given  horiaontal 
section;  then  the  load  is 


P  =  W"  +  (2w  +  «/)iR 


(6.) 


As  to  the  combined  action  of  the  load  and  bending  moment^  see 

Article  381,  p.  571. 
IV.  AhOfMinia — Anchoring  ChainB, — The  term  "Abutment"  is 

applied  to   those   masses,    whether  of   masonry    or   of  natural 

rock,  to  which  the  extreme  ends 
of  the  chains  are  made  &st,  and  by 
whose  stability  the  tension  of  the 
chains  is  resisted.  For  example, 
in  fig.  262  (which  bears  a  general 
resemblance  to  an  abutment  of 
Hungerford  Bridge),  a  pair  of 
chains  enter  an  opening  in  the 
abutment  at  A,  in  a  direction 
nearly    horizontal      At  B    their 

direction  is  changed  to  one  more  steeply  inclined,  by  the  aid  of  a 

saddle,  which  presses  against  the  masonry  in  front  of  it     The 
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chainB  traTerse  a  sloping  tunnel  or  passage  in  the  abutment^  and 
finallj  pass  through  holes  in  the  ''  anchoring  plates"  of  cast  iron  at 
C,  where  they  are  fixed  by  keys  or  wedges;  the  anchoring  plates 
press  against  a  pair  of  transverse  cast  iron  gkders  imbedded  in  the 
masoniy. 

Except  that  the  tendency  is  to  upset  or  to  slide  forwards  instead 
of  backwards,  the  principles  of  the  -stability  of  the  abutment  of  a 
Kuspeusion  bridge  are  precisely  the  same  with  those  of  the  abutment 
of  an  arch  ;  that  is  to  say,  the  weight  of  the  abutment  must  be  suf- 
ficient to  prevent  it  by  friction  from  sliding  on  its  base;  its  weight 
and  thickness  must  be  sufficient  to  prevent  it  from  upsetting;  and 
the  centre  of  resistance  of  its  base  must  not  deviate  from  the  centre 
of  figore  by  more  than  a  safe  fraction  of  the  thicknessL  As  to 
ordinaiy  foundations  for  such  abutments,  see  Articles  235  to  239, 
pp  377  to  3S2;  as  to  the  stability  of  the  abutments,  see  Articles 
263,  264,  pp.  396  to  401.  The  resistance  to  sliding  forward  may 
be  increased  by  making  the  base  of  the  abutment,  or  part  of  it, 
slope  so  as  to  be  perpendicular,  or  nearly  so,  to  the  resultant 
preasnre,  as  in  the  front  part  of  the  abutment  in  fig.  262. 

When  piles  are  used  in  the  foundation,  they  should  be  driven  as 
nttriy  as  possible  in  the  direction  of  the  resultant  pressure.  (See 
Section  IL  of  the  n^xt  chapter.) 

The  saddles  \fy  the  aid  of  which  the  direction  of  a  chain  within 
its  abutments  is  changed,  do  not  require  rollers,  though  they  must 
be  capable  of  sliding  to  an  extent  sufficient  to  admit  of  the  expan- 
aon  and  contraction  of  the  chain.  This  has  been  effiacted  by 
making  them  rest  on  a  bed  about  4  or  5  inches  thick,  consisting  of 
layers  of  asphalted  felt 

As  wire  cables,  from  their  great  extent  of  surfiice,  require  more 
care  in  order  to  prevent  them  from  rusting  than  bars,  it  is  generally 
Gonadered  advisable  that  chains  made  of  bars  should  always  be 
used  wUhin  the  abutmmta  of  suspension  bridges,  although  to  the 
outer  ends  of  such  chains  wire  cables  of  equial  strength  may  be 
attached.  The  cavities  and  passages  containing  these  anchoring 
chains  and  their  fastenings  ought  to  be  accessible  for  puxpoees  of 
examination,  painting,  and  repair. 

y.  OwillaHona  cmd  Meoms  of  Checking  them, — A  suspension 
bridge  consisting  simply  of  abutments,  piers,  chains,  vertical  bus- 
pending-rods,  and  load,  is  free  to  oroillate  both  vertically  and 
horizontally,  the  vertical  oscillations  consisting  in  a  wave-like 
motion  of  the  chains  and  platform.  Every  impulse  applied  to  the 
bridge  causes  a  series  of  oscillations  of  extent  proportional  to  the 
impnlse,  which  go  on  until  they  are  gradually  extinguished  by 
friction;  and  the  application  of  a  series  of  impulses  at  intervals 
which  are  commensurable  with  the  periodic  time  of  oscillation  of 

2p 
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the  bridge  causes  the  extent  and  the  consequent  straining  effect  of 
the  oscillations  to  go  on  continually  increasing;  so  that  a  long 
series  of  successive  impulses  of  very  small  amount,  occurring  at 
regular  intervals,  may  be  sufficient  to  endanger  or  destroy  a  very 
strong  suspension  bridge.  Such  is  known  to  be  the  effect  of  the 
regular  tread  of  soldiers  in  marching;  and,  therefore,  when  they 
approach  a  suspension  bridge,  they  must  be  instructed  to  break  into 
an  irregular  step. 

Storms  of  wind  cause  oscillations,  both  vertical  and  horizontal, 
which  have  sometimes  proved  very  destructive. 

Although  the  oscillation  of  suspension  bridges  cannot  be  wholly 
prevented,  it  may  be  veiy  efficiently  checked  by  means  of  a  system 
of  oblique  stays,  which  may  either  be  external  to  the  ftamework  of 
the  bridge,  or  be  contained  within  it. 

As  an  example  of  a  mixed  system  of  external  and  internal  stays 
may  be  taken  that  of  the  Niagara  Suspension  Bridge.  In  it  there 
are  120  stays,  which  may  be  described  as  "guy-ropes;**  they  are 
iron  ropes,  each  of  a  sectional  area  which  is  about  1 -200th  part  of  the 
joint  sectional  area  of  the  four  main  cables ;  some  of  them  extend 
obliquely  downwards  from  the  saddles  on  the  top  of  the  piers  to  the 
platforms ;  others  extend  obliquely  downwards  and  sideways  from 
the  lower  platform  to  various  points  of  the  rocks  on  which  the  piers 
stand.  The  upper,  or  railway  platform,  and  the  lower,  or  road  plat- 
form, constitute  respectively  the  top  and  bottom  of  a  tubular  lattice 
girder  24  feet  broad  and  18  feet  deep,  with  timber  booms  and 
uprights  diagonally  braced  both  horizontally  and  veidcally  with 
iron.     (See  fig.  265,  p.  581.) 

Every  well-constructed  suspension  bridge  has  its  platform  stif- 
fened horizontally  by  diagonal  bracing ;  as  to  the  action  of  which, 
see  Article  336,  p.  467.  vertical  diagonal  bracing  is  very  generally 
used  to  give  vertical  stiffness:  this  will  be  considered  more  in 
detail  further  on. 

In  order  to  stiffen  two  suspension  bridges  in  the  Isle  of  Bourbon, 
the  elder  Brunei  tied  the  platforms  down  to  a  set  of  inverted  chains 
(called  "counter-chains")  whose  total  sectional  area  is  about  one- 
third  of  that  of  the  main  chains. 

Suspension  bridges  with  sloping  rods  are  stiffer  than  those  with 
vertical  rods. 

y  I.  Bracing  to  resist  a  hea/vy  Travdling  Load. — Various  methods 
have  been  proposed,  and  partially  tried,  to  enable  a  suspension 
bridge  to  resist  the  action  of  a  heavy  travelling  load,  such  as  a 
railway  train,  without  undergoing  more  disfigurement  than  a  giitier. 
In  order  to  make  such  methods  effect  their  purpose  completely  in 
bridges  of  several  bays,  the  chains  must  be  made  fsAi,  to  piers  of 
sufficient  strength  and  stability,  as  described  in  p.  576. 
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(1.)  Auxiliary  ^iVderA-— These  are  a  pair  of  Btraiglit  girders  of 
any  convenieiit  construction  (such  a<3  the  plate^  the  zig-zag,  or  the 
lattice)  hung  from  the  chains  by  the  suspending-rods,  and  support- 
ing the  cross  joists  of  the  platform.  A  sketch  of  an  auxiliaiy 
girder  is  shown  in  fig.  263.  It  should  be  not  merely  supported  at 
each  end,  but  fasteTied  down,  as  there  are  certain  positions  of  the 
rolling  load  which  tend  to  lift  one  of  its  ends.  It  should  not,  how- 
ever, be  fixed  in  direction  there.     In  order  to  enable  it  to  act  with 


Fig.  263. 


the  greatest  efficiency,  it  should  be  hinged  at  the  middle  of  the 
tfpao,  which  may  be  effected  by  making  it  in  two  halves,  connected 
together  by  means  of  a  cylindrical  pin  of  dimensions  sufficient  to 
bear  the  shearing  stress,  which  will  presently  be  stated.  The  object 
of  this  is  to  annul  the  straining  action  which  would  othei'wise 
arise  from  the  deflection  and  expansion  of  the  chain. 

This  precaution  having  been  observed,  the  greatest  bending 
action  on  the  auxiliary  gmler  will  be  that  due  to  half  (he  rolling 
lead,  upon  a  girder  of  one-half  of  the  span  of  the  chain;  and  the 
greatest  shearing  action,  which  will  take  place  at  the  central  pin, 
and  at  each  point  of  support,  will  be  equal  to  one-eighth  of  the  roll- 
ing load  over  the  whole  span.     That  is  to  say,  in  symbols, 

liSt  td  be  the  greatest  rolling  load  per  unit  of  span ; 
Xy  the  half-spam; 
M,  the  moment  of  the  greatest  bending  action  on   the 

auxiliary  girder; 
F,  the  greatest  shearing  force ;  then 


16  ' 


(7.) 


F  = 


v/  X 


.(8.) 


Each  half  of  the  auxiliary  girder  is  accordingly  to  be  designed 
as  if  for  a  girder  of  the  span  x,  under  an  uniformly  distributed 
load  of  the  intensity  w'  ^  2;  regard  being  had  to  the  &ct  that 
each  load  acts  alternately  upwards  and  downwards,  so  that  each 
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piece  of  tbe  girder  must  be  capable  of  acting  altematelj  as  a  strut 
and  as  a  tie,  tinder  equal  and  opposite  stresses. 

If  the  gilder  is  not  hinged,  but  continuous^  at  the  middle  of  tbe 
span,  it  should  be  made  capable  of  bearing  a  bending  action  whoise 
moment  is 

M  =  '^; (9.) 

and  not  to  go  into  unnecessaiy  nicety  of  calculation,  the  cross- 
section  capable  of  resisting  that  moment  may  be  continued  uni- 
formly throughout  the  middle  half  of  the  stiffening  girder.* 

(2.)  By  DiagonaUy-Bntood  Pomts  of  Chains, — ^This  system  is  repre- 
sented in  fig.  264.  In  order  that  the  two  chains  may  be  affected 
alike  by  the  expansive  action  of  heat,  their  curvatures  should  be 
equal;  in  other  words,  their  vertical  distance  apart  should  be  tbe 
same  throughout  the  whole  span.     If  that  vertical  distance  be 


Fig.  264. 

made  equal  to  half  the  depression  of  each  chain,  no  tdfitiomil 
material  will  be  required  in  the  chains  beyond  what  ia  neoeiKry  to 
support  a  travelling  load  over  the  whole  span.  The  diagonal 
braces  should  be  capable  of  acting  as  struts  and  ties  altemtttelv, 
under  stresses  computed  a&  for  an  auxiliary  girder.  Material 
would  be  saved  by  this  mode  of  stiffening,  as  compared  with  the 
auxiliary  gii*der;  but  it  would  probably  be  less  efficient  and 
durable,  as  the  alteration  of  the  curvature  of  the  chains  by  heat 
and  cold  would  tend  to  strain  and  loosen  the  joints  of  the  brace& 

(3.)  By  Diagonal  Bracing  between  the  Cf tains  and  PUufcfmu — 
Thjs  case  is  to  be  treated  as  a  braced  iron  arch  inverted,  with  tbe 
action  of  each  force  reversed;  so  that  the  formulse  of  Article 
380,  pp.  567  to  570,  and  of  Article  379,  equations  3,  4,  o, 
pp.  563,  564,  may  be  applied.  This  method  of  stiffening  will 
not  be  efficient,  unless  the  weight  of  the  platform  bears  such  a  prry- 
poition  to  the  rolling  load  as  to  prevent  any  suspending-rod  &uni 
being  subjected  to  thrust;  and  that  such  may  be  the  case,  the 
result  of  equation  4,  p.  564,  should  be  negative,  or  nothing,  for  each 
such  rod.     It  is  also  open  to  the  same  objections  with  method  (2.) 

*  See,  on  this  question,  the  Cml  Engmeer  and  ArcMtecU*  Journal  for  November 
and  December,  1860;  eleo,  A  MamuU  <j''AppUed  ifacAamei,  aecood  editioo,  pi  875 


nmrcHBD  euBPEtwoH  bbidoks.  A61 

(4.)  By  Ttadan  £t5s. — Mr.  E.  A.  Cowper  has  proposed  to  rxob, 
in^eod  of  flexible  chains  or  cables,  stiff  wrongbt  iron  ribs,  like 
inverted  archee. 

TIlb  theixy  of  the  action  of  the  load  on  such  "  tension  ribe"  is 
precisely  the  ame  as  in  the  case  of  ordinary  arched  ribs  (see 
Article  374,  p.  537),  except  that  every  force  is  reversed,  tensloti 


Rg.  SSS.— [Nligan  Pmlli  Bridga,  tenm  ■  Pboucnph.] 

being  substituted  for  thniHt,  and  thrust  for  tension  (if  any).  In 
order  to  annul  the  straining  action  of  the  yielding  of  the  piers,  and  of 
changes  of  central  deflection  and  temperature,  iSiose  ribs  should  be 
hinged  at  the  middle  and  at  the  points  of  support;  in  which  case 
all  the  fonnnhe  of  Article  374,  Case  IV.,  p.  S4],  become  applicabla 
to  them,  with  the  modification  stated  above. 
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383.  Pi»pMli»«  fff  Weight  tm  IiMid  te  Irwi  BridCM. — ^In  Article 
167,  p.  263,  the  general  principles  bave  been  explained  according 
to  which  the  weight  of  a  beam  intended  to  cany  a  given  load  can 
be  approximately  determined  before  designing  the  beam.  The 
examples  there  given,  however,  are  applicable  to  simple  beams 
only,  in  which  every  portion  of  the  material  directly  contributes  to 
tbe  resistance  to  the  bending  and  shearing  action  of  the  load.  In 
Urge  iron  bridges  there  are  many  parts  which  do  not  directly  con- 
tribate  to  that  resistance,  but  which,  being  necessary  for  the  con- 
nection or  staying  of  the  parts  which  do  so,  are  essential  parts  of  the 
structore;  and  they  increase  its  weight  in  a  proportion  which 
ranges  in  various  practical  examples  from  once  and  a-half  to 
double. 

To  deduce  from  practical  examples  a  formula  for  computing  the 
probable  ratio  which  the  weight  of  the  superstructure  of  a  bridge  of 
a  given  design  will  bear  to  the  external  load,  the  following  data, 
from  an  existing  bridge  of  similar  design,  are  required : — 

I,  the  span  in  feet ; 

B,  the  gross  weight  of  the  superstructure,  either  in  all  or  per 
foot  of  span; 

«^  the  factor  of  safety  applicable  to  that  weight  (say  3); 

W',  the  greatest  working  travelling  load  (either  over  all  or 
per  foot  of  span)  consistent  with  a  proper  factor  of  safety  s^ 
(say  6).  This  is  not  to  be  taken  from  the  aetval  travelling 
load,  but  computed  as  follows: — ^Let  W  be  the  calculated 
breaking  load ;  then 

^.^W-.,^  (1.) 

*1 
From  these  data  compute  the  following  quantity : — 

•   ^-K^+^)' (2) 

then,  for  any  other  bridge  of  similar  design  and  proportions,  the 
probable  proportion  of  the  weight  of  the  superstructure  to  the 
greatest  working  travelling  load  is  ^ven  by  the  formula. 


w~8^  L— r 


-^•-^  (3.) 


If  «^  =  6  and  «2  =  ^i  these  formulte  become  as  follows : — 

L  =  f(n-2-^); (4.) 
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(5.) 


The  following  are  some  examples  of  values  of  L : — 

For  tubular  bridges,  not  continuous;  the  depth 
about  1-1 6th  of  the  span  (as  the  Conway 
Bridge);  the  effective  section  two-thirds  of  the 
whole  iron, 614 

For  tubular  bridges,  mean  depth  about  1-1 6th  of 
the  span,  continuous  over  piers ;  I  in  the  formulae 
denoting  the  span  of  the  greater  or  intermediate 
bays  (as  the  Britannia  Bridge), 760 

Warren  girder  bridges,  not  continuous,  with  cast 

iron  struts;  depth  about  l-15th  of  the  span,  ....       670 

Warren  girder  bridges,  not  continuous,  with  the 
frame  entirely  of  wrought  iron;  depth  about 
1-lOth  of  the  span, 900 

Iron  arched  bridges ;  rise  about  l-9th  of  the  span,       630 

Wire  cable  suspension  bridge;  the  depression 
l-14th  of  the  span;  the  cables  4-lOths  of  the 
weight  of  the  superstructure ;  ultimate  tenacity 
of  file  wire  90,000  Iba  per 'square  inch  (as 
Niagara  Falls  Bridge), 2000 

In  designing  railway  bridges,  W  is  in  general  assumed  to  be 
one  ton,  or  2,240  lbs.  per  lin^  foot  of  a  single  line.  For  bridges 
not  carrying  railways,  the  most  severe  moving  load  may  be  as- 
sumed to  be  that  of  a  closely  packed  crowd,  as  stated  in  Article 
335,  p.  466;  that  is,  120  lbs.  per  square  foot  of  platform,  so  that  in 
such  cases, 

W  =  120  lbs.  X  breadth  of  platform  in  feet 

For  a  bridge  with  two  platforms,  one  carrying  a  road  and  the 
other  a  railway,  those  two  loads  are  to  be  combined. 

SiscrnoN  Y. — 0/  Various  Metals  and  AUoys, 

384.  Ii«ii4  is  used  in  engineering  works  as  a  covering  for  roo& 
(as  to  which,  see  Article  337,  p.  468),  as  a  material  to  €u9(ten  iron 
cramps  into  masonry,  by  filling  up  the  cavities  between  them,  and 
sometimes  as  ameans  of  distributing  the  pressure  on  the  beds  of  arch- 
stones  (as  to  which,  see  Article  277,  p.  414).  As  to  its  tenacity  and 
heaviness,  see  the  tables  at  the  end  of  the  volume.  It  melts  at  a 
tempetature  of  about  630°  Fahrenheit    When  a  fresh  sui&oe  of 
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lead  Is  exposed  to  air  or  water,  it  becomes  coated  in  a  short  time 
with  a  thin  grey  film  of  oxide,  which  protects  the  metal  against 
farther  oxidation,  unless  some  acid  be  present  capable  of  dissolving 
the  oxide. 

385.  ^tme  is  naed  for  covering  roofs  (see  Article  337,  p.  468),  and 

also  for  coating  pieces  of  iron  to  protect  them  against  oxidation. 

(See  Article  330,  p.  462.)    A  fresh  sarfsuse  of  zinc,  when  exposed 

to  the  air,  becomes  coated  with  a  thin  film  of  oxide,  which  protects 

^e  metal  against  farther  oxidation,  unless  an  acid  be  present  to 

diasolve  the  oxide.     The  coating  with  zinc,  or  ''galvanizing,"  as  it 

is  called,  of  thin  pieces  of  iron,  such  as  sheets  and  wires,  makes 

them  more  ductile,  and  a  little  less  tenacious  than  before.     It  is 

effected  by  carefully  cleansing  the  snrfJEU^  of  the  iron,  and  placing 

it  in  contact  with  a  solution  of  a  compoimd  of  oxide  of  zinc  and 

potash ;  the  negative  pole  of  a  galvanic  battery  is  connected  with 

the  piece  of  iron,  the  positive  pole  with  a  plate  of  zinc  immersed 

in  the  solution.     Zinc  melts  at  a  temperature  which  is  estimated  to 

be  about  700^  Fahrenheit     At  a  temperature  somewhat  above  a 

red  heat  it  evaporates,  and  is  then  highly  combustible. 

386.  Tte— An«7«  •€  TtaT— Tin  melts  at  426°  Fahrenheit  It 
resists  oxidation  better  than  any  of  the  more  common  metals, 
except  gold  and  silver.  It  enters  readily  into  combination  with 
iron ;  and  it  is  by  immersing  well-cleansed  sheets  of  iron  in  melted 
tin  that  "tin  plate"  or  tinned  iron  is  prepared,  the  iron  being 
coated  with  a  layer  of  an  alloy  of  iron  and  tin,  which  passes 
gnulually  into  pm*e  tin  at  its  outer  surface.  Although  tin  is  veiy 
soft  and  ductile,  most  of  its  alloys  with  other  metals  are  harder 
ihaii  either  of  the  component  metals. 

387.  €«rpcr« — ^As  to  the  tenacity  of  copper,  which  differs  con- 
edderably  accox-ding  to  the  manner  in  which  the  metal  has  been 
treated,  see  the  table  at  the  end  of  the  volume.  It  is  diminished 
to  about  two-thirds  by  a  temperature  of  600°  Fahrenheit 

Copper  resists  oxidation  well,  owing  to  the  formation  over  its 
surface  of  a  film  of  verdigris,  or  carbonate  of  copper,  which  protects 
the  metaL  This  property,  together  with  its  great  strength, 
makes  it  an  useful  material  for  fiistenings  of  timber  work  and 
masoniy  in  sitoatiouB  where  iron  would  be  rapidly  oxidated,  and 
where  the  cost  of  copper  fastenings,  being  from  six  to  eight  times 
that  of  iron  fastenings,  can  be  afibrded 

As  to  the  use  of  i^eet  copper  for  covering  roofs,  see  Article  337, 
p.  468. 

388.  BiMise. — Although  the  term  "  Brass"  is  popularly  applied 
to  all  the  alloys  of  copper,  those  in  which  it  is  combined  with  tin 
are  more  properly  called  Bronze  These  compounds  are  harder 
than  copper,   to  a  degree  increasing  with  the  quantity  of  tin 
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which  they  contain,  np  to  a  proportion  which  gives  the  maximum 
of  hardness. 

In  order  that  bronze  may  be  of  good  quality,  as  regards  accuracy 
of  the  figure  of  castings,  soundness,  and  strength,  a  general  principle, 
applicable  to  all  alloys,  should  be  observed  in  its  composition, — the 
quantities  of  the  ingredients  should  bear  definite  atomic  proportions 
to  each  other.  When  this  rule  is  not  observed,  the  metal  produced 
is  not  a  homogeneous  compound,  but  a  mixture  of  two  or  more 
different  compounds  in  irregular  masses,  shown  by  a  mottled 
appearance  of  the  castings  when  broken ;  and  these  masses  being  dif- 
ferent in  expansibility  and  elasticity,  tend  to  sepaiate  from  each 
other. 

The  following  is  a  list  of  some  of  the  principal  alloys  of  copper 
and  tin,  in  which  the  chemical  equivalents  of  those  metals  hit 
assumed  to  be  respectively, 

Copper, 31-5 

Tin, 59 

Compodtion. 
By  Atoms.         By  Weight 
Copper.    Tin.    Copper.    Tin. 

I' Bell-metal :  hard  and  brittle:  contracts 
6  I         189       59<      in  cooling    from    its    meltLng  point, 

(      1.63d 
14         I        441       59    Hard  bronze. 

^  ^  ^    }  Bronze,  or  gun-metal :  contracts  in  cooliog 

'^         ^        504      59 1     from  its  melting  point,  l-130tL 
18         I        567       59    Softer  bronze. 

As  the  table  of  tenacity  at  the  end  shows,  bronze,  or  gun-metal, 
is  twice  as  tenacious  as  good  ordinary  cast  iron,  and  as  tenacious  as 
copper  in  bolts,  while  at  the  same  time  it  is  harder  than  copper. 
It  is  much  used  in  machinery.  Lead  is  sometimes  present  in 
it  as  an  adulteration,  and  is  very  injurious  to  its  strength  and 
durability.* 

389.  Brass,  properly  speaking,  is  the  general  name  of  the  alloys 
of  copper  with  zinc.  They  are  weaker  than  copper  or  bronze,  but 
are  useful  from  their  fusibility  and  ductility.  The  following  is  a 
table  of  the  principal  alloys  of  copper  and  zinc,  in  which  the 
chemical  equivalents  assigned  to  those  metals  are. 

Copper, 315 

Zinc, 325. 

*  For  information  as  to  the  alloys  of  copper,  tin,  dnc,  and  lead,  see  a  paper  in  the 
Manchut/sr  JUcmoin  for  1860,  by  Mr.  Craoe  Calvert  and  Mr.  Johnson. 
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Gompodtion. 
Tiy  AtoiiML  By  Weight 

Cdpper.   Zioc.   Copper.     Zinc. 

6         I         189       32*5     Hardened  copper, 
4         I         126       32-5     Malleable  brasa 

(  Ordinary  brass :  contracts  in  coolingfrom 
2         I  63       32*5  <      its  melting  point,  1 -60th.     Tenacity, 

(     see  table  at  end  of  volume. 
^         ^       3^*5       32*5     Prince  Rupert's  metal :  very  hard 

389  A.  Gold — Aarifcraas  MmI. — According  to  some  recent  experi- 
ments, steel  is  increased  in  toughness  by  being  alloyed  with  a  small 
quantity  of  gold. 

(Addendum  to  Article  357,  p.  512.) 

389  B.   flar«Hgtk  •€  WMiwht  Iron  tuid  Steel, — 


To«.^^«niK.  ^«  UltimateExteMion 

Deacriptioa  of  MateriaL              *t"^.  °  if  u  ^  Fractions  of 

the  Square  Inch.  ^eng^^ 

Coleford  Gun-metal — 

Weakest, 108970^  '190 

Strongest, 160540  J  F.*  '030 

Mean  of  ten  sorts, i3734o)  '072 

*  For  details,  see  the  Meohanici  Magazim  for  the  llih  October,  1861,  or  the 
E»gmur  of  the  same  date^ 
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OF  VABIOUS  UlTDKBOBOUXID  AND  SUBMEBGSD  SIBUCTURES. 


Sflcnoir  L — Of  Twmds. 

390.  TunMls  hi  CtoBetaL — ^Aa  tunnels,  oompared  with  open  ex- 
cavations, are  an  expensive  and  tedious  class  of  works,  and  as  tliej 
form  inconvenient  portions  of  a  line  of  communication,  the  engineer 
should  study  to  avoid  the  necessity  for  them  as  £Eur  as  possible 
As  to  tbe  setting  out  of  tunnels,  see  Article  70,  p.  114. 
The  nature  of  the  strata  through  which  a  proposed  tunnel  is  to 
pasd  should  be  carefiiUy  ascertained,  not  only  by  means  of  borings 
and  shafts,  but  in  some  cases  also  by  means  of  horizontal  or  nearly 
horizontal  mines  or  drifis^  along  the  intended  course  of  the  tunneL 
Shafts  and  drifts  will  be  further  described  in  the  ensuing  articles. 

The  most  favourable  material  for  tunnelling  is  rock  that  is  sound 
and  durable  without  being  very  hard.  Great  hardness  of  the 
material  increases  the  time  and  cost  of  tunnelling,  but  gives  rise  to 
no  special  difficulty.  A  worse  class  of  materials  are  those  which 
decay  and  soften  by  the  action  of  air  and  moisture,  as  some  days 
do ;  and  the  worst  are  those  which  are  constantly  soft;  and  saturated 
with  water,  such  as  quicksand  and  mud. 

In  choosing  the  site  of  a  tunnel,  regard  should  be  had,  not  only 
to  the  nature  of  the  material,  and  to  the  shortness  and  directness  of 
the  tunnel,  but  to  the  facility  for  getting  access  to  its  course  at 
intermediate  points  by  means  of  shafts  and  drifts. 

The  engineer  should,  as  flEtr  as  possible,  avoid  curved  tunnels, 
especially  those  in  which  the  curvature  is  so  sharp  or  so  extensive 
as  to  prevent  daylight  from  being  seen  through  from  end  to  end. 

As  to  the  figures  of  tunnels  which  require 
a  lining  of  brickwork  or  masonry  to  prevent 
firagments  of  rock  from  fiedling  from  the  roof, 
or  to  sustain  the  pressure  of  earth,  and  as  to 
the  strength  and  stability  of  that  lining,  see 
Article  297  a,  pp.  433  to  435.  F^.  266  is  an 
example  of  the  elliptic  form  described  in  that 
article,  with  an  inverted  arch  E  C  £  at  the 
floor.  The  parts  F  G,  G  F,  of  the  base, 
Fig.  266.  which  directly  bear  the  side- walls  and  their 
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load,  are  borizontaL     O  is  the  oeotre  of  the  ellipse  E  B  A  B  E, 
B  B  the  minor  axis,  A  O  C  about  three-fourths  of  the  major 


Tunnels  made  in  rock  that  is  so  sound  as  not  to  require  a 
lining  of  masoniy  or  brickwork  to  prevent  pieces  of  it  from  falliDg 
in,  maybe  made,  if  the  rock  is  igneous,  of  almost  any  shape  that  is 
most  oouTenient  for  the  trafia  The  elliptical  or  horse-shoe  form 
already  described,  is,  however,  generally  adopted  for  the  sides  and 
top,  the  floor  being  level  In  stratified  rocks,  the  strongest  form 
for  the  roof  is  that  of  a  pointed  arch ;  though  a  flat  roof  has  been 
used  where  the  rock  consistB  of  thick  layers,  and  has  few  natural 
jointa. 

In  ordinary  tunnels,  measured  within  the  masonry  or  brickwork, 
the  dimensions  of  most  common  occurrence 


Height  Width. 

For  single  lines  of  railway,  20  ft.  15  ft. 

For  double  lines  of  railway,  24  ft.  from  24  ft.  to  30  ft. 

For  navigable  canals, from  14  ft.  to  30  ft,  from  14  ft.  to  30  fL 

The  smaHneBi  of  tunnels  for  water-conduits  and  drains  is  limited 
by  the  least  dimensions  of  the  space  in  which  miners  can  woik 
efficiently;  that  is,  about  4^  feet  lugh  and  3  feet  wide. 

The  best  source  of  information  on  the  construction  of  tunnels  is 
Mr.  F.  W.  Simms's  work  On  FraeticcU  Tunnelling, 

391.  Skafli  mt  Pita. — Shafts  or  pits  are  sunk  for  three  purposes : 
to  ascertain  the  nature  of  strata  to  be  excavated,  as  already 
mentioned  in  Article  187,  p.  331,  when  they  are  called  Prial 
shafts;  to  give  access  to  a  tunnel  when  in  progress,  for  the  pur- 
pose of  carrying  on  the  work,  removing  the  mateiial  excavated, 
admitting  fresh  and  discharging  fotd  air,  and  pumping  out  water, 
when  they  are  called  working  shafts;  to  admit  light  and  firesh  air 
at  intervflJs  to,  and  remove  fo\d  air  from,  a  tunnel  when  completed, 
when  they  are  called  permansnt  skafis, 

L  Trud  Shafts  are  in  general  sunk  at  or  near  the  centre  line  of 
the  proposed  tunnel.  'Their  transverse  dimensions  are  fixed  mainly 
with  a  view  to  convenience  in  sinking  them.  Six  feet  is  an  ordinary 
diameter  for  a  round  trial  shaft;  six  feet  by  four  are  ordinary 
dimensions  for  rectangular  shafts.  The  shape  is  regulated  by  the 
material  to  be  used  in  lining  the  shaft,  being  rectangular  in 
timbered  shafts,  and  cylindrical  in  those  that  are  sUmed  or  lined 
with  stone  or  brick. 

The  number  and  distance  apart  of  trial  shafts  are  to  be 
determined  after  previous  boring,  in  the  same  manner  as  for  a 
deep  cutting  (Article  187,  pp.  331,  332);  that  is  to  say,  no  general 
role  can  be  laid  down  on  the  subject;  but  the  engineer  must,  to 
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the  best  of  his  judgment,  sink  such  shafts  as  are  necessary  in  order 
to  give  him  an  accurate  knowledge  of  the  strata  to  be  excavated. 

II.  Working  Shafts  may  be  either  rectangular  or  round.  Their 
usual  transverse  dimensions  range  from  6  feet  to  9  feet ;  the  greater 
diameter  is  advantageous,  because  of  its  admitting  of  large  quantities 
of  material  being  raised  and  lowered  at  a  time.  Their  distance 
aimrt  varies,  in  ordinary  cases,  from  50  to  300  yards.  In  some 
cases,  however,  it  has  been  found  necessary  to  place  them  as  close  as  20 
or  30  yards  apart,  for  the  purpose  of  discharging  foul  air;  while  in 
other  cases  the  height  of  the  ridge  to  be  tunnelled  through  has 
rendered  the  sinking  of  shafts  imi)racticable  for  very  long  distances. 
An  extreme  example  of  the  last  case  is  the  tunnel  now  in  progress 
through  Mont  Cenis,  which,  when  complete,  will  be  eight  miles 
long,  and  which  must  be  excavated  entirely  from  the  two  ends^ 
without  the  aid  of  shafts. 

The  range  of  working  shafts  of  a  tunnel  may  lie  either  along  its 
centre  line,  or  in  a  line  parallel  to  the  centre  line,  at  an  uniform 
distance  to  one  side.  When  the  latter  system  is  adopted,  the 
object  is  to  keep  the  shafts  clear  of  the  excavation  and  building  of 
the  tunnel,  with  which  they  are  connected  by  cross  drifts. 

When  a  working  shaft  is  to  be  used  in  order  to  drain  the  tunnel 
of  water  as  the  work  proceeds,  it  is  sunk  to  such  a  depth  below  the 
bottom  of  the  excavation  as  to  form  a  sufficient  reser\'oir  for  water, 
called  a  "  «*77i/),"  from  which  the  water  is  raised  by  a  windlass  and 
buckets,  or  by  a  pump.  The  most  convenient  form  of  bucket  is 
one  that  is  hung  in  a  stirrup  by  a  pair  of  trunnions  whose  axis 
nearly  traverses  the  centre  of  gravity  of  the  bucket  When 
lowered,  the  bucket  is  held  upright  by  a  catch ;  and  after  it  has  been 
raised,  the  removal  of  the  catch  allows  it  to  be  easily  tilted  over,  in 
order  to  discharge  the  water. 

III.  FermcmerU  Shafts  are  in  general  working  shafts  that  have 
been  made  permanent  parts  of  the  structure,  the  brick  lining  of 
each  being  supported  on  a  permanent  curb,  or  suitably  formed  ring 
of  brickwork,  or  of  cast  iron,  surrounding  a  circular  orifice  in  the 
roof  of  the  tunnel.  The  top  of  each  shaft  is  protected  by  being 
surrounded  with  a  wall,  and  covered  with  a  grating. 

Permanent  shafts  are  occasionally  met  with  of  a  diameter  as 
great  as,  or  greater  than,  that  of  the  tunnel.  For  example,  the 
shafts  at  the  ends  of  the  Thames  tunnel  are  50  feet  in  diameter; 
the  tunnel  itself  consisting  of  a  pair  of  archways,  each  14  feet 
in  clear  width,  and  the  entire  width  of  passages  and  brickwork 
being  37  ^  feet 

IV.  Sinking  Shafts  in  sound  rock  is  performed  simply  by  the 
operations  of  blasting  and  quarrying,  as  already  described  in 
Article   207,   p.    344.     In  order  to  be  safe  from  the  effects  of 
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explo^onS;  tlie  workmen  should  ascend  to  a  height  of  50  or  60  feet 
above  the  bottom  of  the  shaft  (if  it  is  so  deep),  before  each  blast  is 
i5red-  The  noxious  fumes  produced  by  the  powder  may  be  partially 
dispersed  or  absorbed  by  dashing  in  a  bucket  of  water;  but  a  more 
etlicient  plan  of  ventilation,  especially  in  deep  shafts,  is  either  to 
extract  the  foul  air  through  a  sheet  iron  tube  leading  up  to  a 
famaoe  or  to  an  exhausting  fan,  or  to  blow  fresh  air  down  by 
means  of  a  fan  through  such  a  tube. 

Tentilating  apparatus  is  indispensable  when  foul  air  (such  as 
carbonic  acid  gas,  or  "  choke  damp ")  or  inflammable  gas  ("  fire 
damp")  is  disengaged  from  the  strata  that  are  traversed  by  the 
shaft. 

When  water  flows  into  the  shaft,  it  is  to  be  collected  at  the 
bottom  in  a  "  sump*'  or  well  of  smaller  diameter  than  the  shaft, 
and  raised  by  buckets,  or  by  pumping,  either  to  the  surface  of  the 
gronnd  or  to  some  di'ifb  through  which  it  can  be  discharged. 

V.  Sinking  Timbered  Shafts. — ^A  shaft  sunk  through  soft 
materials,  or  through  loose  rock,  must  be  lined  with  timber, 
masonry,  or  brickwork. 

The  principal  pieces  in  the  timbering  of  a  shaft,  as  well  as  in  the 
timbering  of  drifts,  tunnels,  and  underground  excavations  in  general, 
may  be  distinguished  into  props,  which  are  struts  or  posts,  either 
vertical  or  raking,  and  usually  of  round  timber;  sills  and  bars,  being 
horizontal  pieces,  sometimes  round  and  sometimes  squared;  and 
deading  or  boards.   Props  are  combined  with  sills  or  bars  into  frame- 
work simply  by  abutting  joints  at  their  ends, 
which  are  made  fast  in  their  places  by  the 
aid  of  spikes  called  **brobs,**  of  the  shape 
shown  in  fig.  267,  and  usually  about  6  inches 
long.     Fig.  268  represents  the  foot  of  a  prop 
resting  on  a  sill,  and  made  fast  with  four 

brobs,  of  which  tl^ree  are  shown.     The  shape  

of  the  head  of  a  bit)b  enables  it  to  be  knocked  Fig.  267.        Fig.  268. 
out  as  easily  as  it  is  driven  in. 

Fig.  269  is  a  section  of  a  square-timbered  shaft  of  about  9  feet 
square.  The  timbering  consists  of  horizontal  square  frames  or  ''  set^ 
tingsj*  one  at  every  six  feet  of  depth  or  thereabouts,  each  made  of  four 
square  sills  of  12  inches  X  12  inches,  supported  by  roimd  props  of 
8  or  9  inches  diameter,  and  clad  outside  with  vertical  "poling 
hoards^'  of  3  inch  deal.  The  shaft  having  been  sunk  and  timbered 
as  far  as  the  earth  will  stand  for  a  time  vertical,  the  further  sinking 
is  effected  as  follows : — In  the  centre  of  the  bottom  of  the  shaft  a 
small  pit  is  dug,  at  the  bottom  of  which,  at  A,  is  laid  a  small  plat- 
form of  boards;  then  by  cutting  notches  in  the  sides  of  the  pit, 
"raiing  props,  ^  such  as  those  shown  by  dotted  lines,  are  inserted; 
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their  lower  ends  abuttiiig  against  a  "/ool-blode"  at  A,  and  their 
apper  ends  Bgaiust  the  loweat  Betting,  ao  aa  to  give  it  &  t^mporuy 
HUpporb  The  pit  is  then  enlarged  to  the  dimenidonB  of  the  ahalt 
aboTej  vertical  poling  boards  are  set  np  agunst 
its  sidea,  witli  their  upper  ends  behind  the  tem- 
porarily goppotted  square  setting,  and  their  lower 
ends  behind  a  new  square  setting,  lud  on  the  bot- 
tom of  the  exc«vati<ni;  vertical  propa  are  inserted 
between  those  settings,  and  mode  &^;  the  T«luDg 
props  and  their  foot-blocks  are  taken  away;  a 
new  small  pt  is  dog,  and  so  on  as  before.  Care 
should  be  taken  that  the  earth  presses  firmly 
against  the  poling  boards.  Shonld  streams  of 
water  come  in  through  the  chinks  between  the 
boards,  the  tendency  of  those  streama  to  cany  with 
them  particles  of  sand,  and  so  to  leave  cavities  in 
Tig.  Sfl9,  tiie  euiJi,  may  be  counteracted  by  stuffing  straw 

behind  the  boards, 
YI.  Sinking  Stont  or  BricJc-linsd    Shafta  (which  are  nsnally 
cylindrical)  may  be  effected  in  two  ways;  by  " unda^iTmMff,"  or 
by  a,"  dnmt-curb." 

To  sink  a  shaft  by  un^arputntnjr,  it  is  first  dug  as  deep  as  the 
earth  will  stand  verticaL  At  the  bottom  of  the  excavatitHi  is  laid  a 
"  curb;"  that  is,  a  £at  ring,  whose  internal  diameter  is  eqwd  to  the 
intended  clear  diameter  of  the  shaft,  and  its  breadth  equal  to  the 
thickness  of  the  brickwork  (usually  9  inches).  It  is  made  of  oak  or 
elm  planks  3  or  4  inches  thick,  either  in  one  layer  fished  at  the 
joints  with  iron,  or  in  two  layers  breaking  joint,  and  spiked  or 
screwed  together.  On  this,  to  line  the  first  divifdon  of  tlie  shaft,  a 
cylinder  of  biickwork  is  built  in  hydraulic  mortar  or  cement.  In 
the  centre  of  the  floor  is  dug  a  small  pit,  as  described  in  rHviaion 
T.  of  this  article,  at  the  bottom  of  whidt  a  platform  and  foot-blocks 
support  raking  props,  which  are  inserted  to  give  temporary  support 
to  Uie  curb  with  its  load  of  brickwork;  the  pit  is  enlarged  to  the 
diameter  of  the  shaft  above ;  on  the  bottom  of  the  excavation  is 
laid  a  new  curb,  on  which  is  built  a  new  division  of  the  brickwork, 
giving  permanent  support  to  the  upper  curb ;  the  raking  props  and 
their  foot-blocka  are  removed;  a  new  pit  is  dug,  and  ao  od  as  before. 
Care  should  be  taken  that  the  earth  is  firmly  packed  behind  the 
brickwork,  and  that  the  shaft  is  carried  down  truly  verticaL 

A  Dram  Cwb  (fig.  270),  which  may  be  made  of  timber  or  of  cast 
iron,  consists  easentisJly  of  aflat  ring  for  supporting  the  brickwork, 
and  of  a  vertical  hollow  (^linder  or  drum,  of  the  same  outside 
diameter  as  the  brickwork,  supjiorting  the  ring  on  its  upper  edge.and 
bevelled  to  a  sharp  edge  below.     The  drum  may  be  strengthened 
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Fig.  270. 


if  necesauj  by  an  additional  ring,  and  its  connection  with  the  rings 
made  more  aecare  hj  brackets,  as  shown  in  the  figure. 

When  the  shaft  has  been  sunk  as  &r  as  the  earth  wiU  stand 
vertical,  the  drum-curb  is  lowered  into  it,  and  the  building  of  the 
bnck  ejlinder  commenced,  care  being  taken  to 
complete  each  course  of  bricks  before  laying 
iiK)tber,  in  order  that  the  curb  may  be  equally 
loaded  all  ronnd.  The  earth  is  dug  away  from 
tlie  interior  of  the  dram;  and  this,  together 
with  the  gradually  increasing  load  of  brickwork, 
causes  the  sharp  lower  edge  of  the  drum  to  sink 
into  the  earth ;  and  thus  the  digging  of  the  shaft 
stthe  bottom,  the  sinking  of  the  drum-curb,  and 
the  brick  lining  which  it  oarriesi  and  the  build- 
ing of  the  brickwork  at  the  top,  go  o&  together. 

Great  care  must  be  taken  so  to  r^ulate  the  digging  that  the 
shaft  shall  sink  vertically. 

Should  the  friction  of  the  earth  against  the  outside  of  the  shaft  at 
length  become  so  great  as  to  stop  its  descent,  before  the  requisite 
depth  is  attained,  a  smaller  shaft  may  be  sunk  in  the  interior  of  the 
fiist  shafL     A  shaft  so  stopped  is  said  to  be  "  earth-fast" 

VIL  Ten^Hjrary  Support  of  Working  Shafta. — When  a  working 
shaft  is  sunk  in  the  centre  line  of  an  intended  tunnel,  it  is  obvious 
that  the  completion  of  the  excavation  for  the  tunnel  will  remove 
the  support  from  below  the  lining  of  the  shaft,  which  support  will 
only  be  replaced  when  the  arching  of  the  tunnel  is  completed. 

There  are  two  modes  of  giving  temporary  support  to  the  shafts 
^m  below  and  from  abore. 

^pport  from  below  is  given,  if  the  ground  is  solid  enough,  by 
o^csns  of  a  pair  of  strong  parallel  sills,  say  15  inches  square,  and  10 
feet  longer  than  the  intended  span  of  the  tunnel  Each  of  these  is 
sent  down  the  shaft  in  three  pieces,  which  are  inserted  into  small 
^unizontal  drifts  running  at  right  angles  to  the  line  of  tunnel,  about 
3  or  4  feet  above  its  intended  roof,  and  are  there  scarfed  together. 
The  drifts  are  then  rammed  up.  The  distance  between  the  two 
^  is  equal  to  the  clear  width  of  the  shaft.  They  support  a  square 
^une,  which  supports  the  lowest  curb  of  the  part  of  the  shaft  to  be 
carried. 

Should  the  material  be  too  soft  to  admit  of  this  mode  of  support, 
the  two  sills  (each  of  which  may  now  be  in  one  piece)  are  to  be 
l^d  on  the  sur&ce  of  the  ground  over  the  mouth  of  the  shaft  across 
the  line  of  tunnel,  and  somewhat  closer  together  than  the  width  of 
the  shaft  The  lower  end  of  the  shaft  is  carried  by  a  strong 
▼ooden  frame,  which  is  hung  from  the  two  sills  by  means  of  four 
▼ronght  iron  suspending-rods  or  chains. 

2<» 
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The  part  of  the  shaft  thus  temporarily  supported  is  generallj 
Lned  with  brick;  the  part  below  the  temporary  support  is  lined 
with  timber,  which  is  removed  in  the  course  of  the  excavation 
of  the  tunnel. 

392.  DrifU.  HiMs,  M*  mtmMm^it,  are  small  horizontal  or  inclined 
nndei^ground  passages,  made  in  order  to  explore  the  strata  in  the 
line  of  an  intended  tunnel,  to  drain  off  water,  and  to  ^ciUtate  tlie 
langing  of  the  line  and  levels  and  setting  out  of  the  works  (see 
Article  70,  p.  114),  the  access  of  the  workmen,  and  the  transport 
of  materials;  and  for  the  last-mentioned  purpose  ihey  are  odften 
furnished  with  small  temporary  nulwaya 

I.  PosUums  of  Principal  Headings, — The  working  shafts  of  a 
tunnel  are  almost  always  connected  together  by  means  of  a  head- 
ing, which  accordingly  runs  either  along  or  parallel  to  the  centre 
line  of  the  tunnel.  In  some  cases  the  heading  runs  along  the 
centre  line,  while  the  working  shafts  lie  at  one  side,  and  are  con- 
nected with  the  main  heading  by  crops  headings. 

When  a  tunnel  runs  through  a  steep  hill,  near  or  parallel  to  one 
of  the  sides  of  the  hill,  cross  headings  opening  above  ground  at  the 
hillside  may  be  used  instead  of  working  shaftis;  but  such  caaes 
seldom  occur. 

In  tunnelling  through  soft  and  wet  ground  the  most  convenient 
level  for  the  principal  heading  is  at  or  near  the  bottom  of  the 
tunnel.  In  hard  and  dry  materials  it  may  be  placed  near  the  roo£ 
Other  positions  will  be  mentioned  farther  on. 

II.  The  least  Dimeneions  of  a  Heading  in  which  miners  can  oon« 
veniently  work  are  about  3  feet  broad  and  4^  or  5  feet  hig^ 

III.  Headings  in  Solid  Rock  are  driven  by  blasting  and  qnaity- 
ing,  as  to  which,  see  Article  207,  p.  344. 

Machinery  has  been  used  for  driving  headings.  The  most 
remarkable  is  that  employed  at  the  tunnel  now  in  progress  through 
Mont  Cenis  (see  p.  590).  It  consists  of  a  number  of  horizontal 
jumpers,  driven  at  the  rate  of  about  200  blows  per  minute,  by 
machinery  which  is  moved  by  compressed  air,  conveyed  into  the 
mine  through  a  pipe.  The  air  is  supplied  and  compressed  by 
hydraulic  machinery  near  the  outer  end  of  the  mine.  As  in 
jumping  by  hand,  eaich  jumper  makes  a  portion  of  a  turn  after  each 
blow.  By  the  use  of  eight  jumpers  for  six  hours,  from  60  to  70 
holes  of  3  feet  long  and  1^  inch  diameter  are  made  in  the  face  of 
the  rock  at  the  end  of  the  mine;  those  holes  are  then  used  for 
blasting  the  rock  by  gunpowder ;  and  the  progress  at  present  made 
is  about  a  yard  in  length  in  ten  hours,  of  a  heading  measuring  from 
10  to  13  feet  in  breadth  and  from  6^  to  10  feet  in  height.  The  air 
used  to  drive  the  jumping  machines  is  said  to  be  sufficient  to 
ventilate  the  mine. 
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IV.  Timbered Hmxdinga. — Headings  in  loose  and  soft  materials 
are  lined  witli  timber,  the  principal  parts  of  the  timbering  being, 
as  in  other  cases  of  the  timbering  of  excavations,  horizontal  pieces, 
props,  and  poling  boards.  Fig.  271  is  a  longitudinal  section  of  a 
headbig  in  earth  proceeding  in  the  direction  shown  by  the  arrow. 
The  frames,  or  '^  settings,"  are  placed  at  from  2  to  3  feet  apart,  and 
are  made  of  round  timber  5  or  6  inch^  in  diameter,  so  that  the. 
pieces  can  be  easily  handled  by  one  man.  The  section  shows  the 
ground-sills  resting  in  grooves  cut  in  the  floor,  the  props  stand- 
ing  on  them,  the  upper  horizontal  pieces,  called  ''  cap-sills,** 
resting  on  the  props,  and  the  poling  boards  driven  between  the 
settingR  and  the  sides  and  top  of  the 
excavation.  These  boards  are  usually 
from  I  inch  to  an  inch  thick.  In  run- 
ning sand  and  other  soft  and  wet 
materials,  poling  boards  are  laid 
under  the  bottom  sills  also,,  so  as 
completely  to  enclose  the  heading ;  and 
straw  is  packed  behind  the  boards, 
to  keep  sand  from  running  in  through 

the  chinksL  The  operations  of  carrying  the  heading  forward  are  as 
follows: — ^Drive  a  set  of  poling  boards  forward  into  the  earth, 
between  the  last  setting  and  the  forward  ends  of  the  last  set  of 
poling  boards;  then  excavate  the  earth  within  the  new  set  of 
boards,  and  insert  a  new  setting,  and  so  on. 

V.  Preoantionary  Borings.  —  In  driving  a  mine  through 
groimd  in  which  it  is  possible  that  cavities  containing  laige 
quantities  of  water  may  be  encountered,  borings  ought  to  be 
carried  forward  both  directly  and  obliquely  in  advance  of  the 
mine,  in  order  that  the  neighbourhood  of  such  cavities  may  be 
ascertained  in  time  to  guard  against  sudden  outbreaks  of  water  into 
the  mine,  and  that  the  water  accumulated  in  them  may  escape  by 
degrees  and  without  danger  through  a  bore-hole.  This  precaution 
is  especially  necessary  in  approaching  old  pits,  mines,  or  tunnels, 
which  are  very  generally  found  to  be  full  of  water. 

YI.  The  Cost  and  Labour  o/ Mining,  all  things  included,  such  as 
blasting,  timbering,  removing  water,  Ughts,  temi)oraxy  rails  and 
waggons,  &c,  vary  from  five  times  to  twenty  times  the  cost  and 
labour  of  excavating  the  same  quantity  of  the  same  material  in  the 
open  air. 

393.  Tmucto  ta  Diy  «ii4  S«iui  Itock  are  in  general  excavated  by 
driving  a  heading  immediately  below  the  intended  roof  of  the 
tunnel,  from  which  heading  the  excavation  is  extended  sideways 
and  downwardffby  blasting  and  quarrying. 

These  operations  require  labour  to  the  extent  of  from  three-fourths 
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of  a  day's  work  to  throe  daW  work  of  a  miner  per  cnbic  yard  of  rock, 
acoorduig  to  its  hardness,  being  considerably  more  than  is  required 
in  the  open  air. 

The  following  data,  on  the  authority  of  SeckoTy  ribow  the  dis- 
tribution per  cent  of  the  cost  of  excavating  a  mOway  tonnel  in 
Jura  limestone,  which  required  1*15  days'  work  of  a  minor  to 
ezcavate  each  cubic  yard  :-— 

Workmen's  wages, 45  per  cent. 

Blasting  powder,.... 15        „ 

I'oses, 3        „ 

LampoH, 8        „ 

Boring  tools, 29        ,, 

This  tunnel  advanced  at  the  rate  of  about  a  foot  per  day. 

394.  Twrnuli  hi  O17  Ft— ttidi  Kwak  require  brick  or  atone  arch- 
ing within,  to  guard  against  the  fall  of  portions  of  the  roo£  The 
most  convenient  way  to  make  ihem  is  in  general  to  commence  at  a 
heading  running  along  close  below  the  xoof  of  the  excavation;  to 
extend  the  excavation  sideways  and  downwards  to  the  floor  at 
each  side  of  the  tunnel,  leavii^  a  wall  of  rock  standing  in  the 
middle.  This  wall  is  used  as  a  pier  to  support  temporary  props 
(should  such  be  required)  for  the  roof  of  the  excavation,  and  also  to 
support  the  centres  for  the  arching,  which  is  carried  forward  as 
close  behind  the  excavation  as  the  convenience  of  working  will 
admit.  When  the  arching  is  complete,  and  the  centres  struck,  the 
central  wall  of  rock  is  cut  away. 

All  hollows  between  the  brickwork  and  the  rock  should  be  care^ 
fhUy  filled  with  concrete. 

The  labour  of  executing  brickwork  in  tunnels  (including  cost  of 
lights)  is  about  double  of  that  of  executing  the  same  quality  of 
bnckwork  above  ground. 

395.  TuMidbi  hi  s«ft  HaieHMte,  whether  such  as  are  soft  firom  the 
first,  or  such  as  become  soft  by  exposure  to  air  and  moisture,  like 
some  kinds  of  day,  require  timbering  to  support  the  sides  and  top 
of  the  excavation,  conertaruoted  on  the  same  principles  with  that  of 
headings. 

In  such  tunnels  a  principal  heading  ia  in  general  required  at  the 
level  of  the  floor,  for  purposes  of  drainage. 

The  excavation  of  the  tunnel  is  csrried  on  in  various  ways;  that 
which  will  here  be  desciibed  is  the  method  of  which  a  detailed 
account  is  given  by  Mr.  Simms  in  his  Prctctioal  Tunndlmg,  as 
having  been  practised  at  Blechingley  tunnel  and  Saltwood  tunnel; 
the  former  in  blue  shale,  and  the  latter  in  sand 
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Tbe  timnel  ia  execnted  in  ImgAa,  each  of  aboot  18  or  IS  feet 
nieae  are  deBignated  as  ibUowB,  ia  the  order  in  which  ihey  are 
execnted: — 

Side  lengths,  oa  each  side  of  a  vorking  shaft 

Loading  ^otj^lAa,  in  prolongation  of  the  tunnel  from  the  aide  leagtha 

Jiau^ion  lengths,  where  two  portioua  of  the  tnnnel  meet  midwaj 
between  two  shafta. 

Shaft  lenglht,  directly  nnder  the  working  shaflB. 

The  fiiat  operation  in  commencing  a  aide  length,  leading  length, 
or  janction  length,  ia  to  drive  a  heading  at  the  top  of  the  excavation, 
whan  roof  muat  be  1^  or  2  feet  above  the  intended  top  of  the 
brickwork. 

From  tbat  heading  the  excavation  ia  extended  cddeways  and 
downwards  by  a  procem  exactly 
like  that  of  driving  a  heading,  aa 
abown  in  fig.  272,  which  is  a  croas- 
■ection  of  the  excavation,  after  it  ^ 
has  been  extended  a  short  distance 
to  the  right  of  the  top  beading.  The 
earth  in  snpporl«d  by  poling  boards, 
wkidb  are  aapported  by  strong  hori- 
lontal  timben  called  har»,  8  or  10 
inches  in  diameter.  The  after  ends 
of  ^eae  bars  are  sapported, — 

In  aide  lengths,  hj  [m>pe  resting 
on  tiie  framework  of  the  working 
dtaft; 

In  all  other  lengths,  by  the  top 
ot  Hm  arch  of  Uie  previous  leng^i ; 

And  they  are  kept  asunder  by 
fbnr  or  five  short  atruta  between 
each  pair.  The  forward  ends  of  the 
ban  rest  on  props,  each  of  which 
■tanda  on  a  foot-block. 

Fig.  273  is  a  longitudinal  section, 
flbowing  the  timbering  of  the  ex- 
cavation of  a  length  of  the  tunnel 
when  complete;  the  pieces  being 
nnmbared  in  the  order  in  which  they 
are  put  in. 

A.  are  bars  already  mentioned, 
covered  with  poliug  boards. 

'&,  props  resting  on  foot-blocks,  and  covered  with  poung  boards. 
WlieD  the  excavation  has  been  carried  down  to  the  level  of  these 
ibotWockfl,  there  is  inserted— 
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C,  a  strong  sill  (say  13  inches  sqoare),  sent  down  in  two  pieces 
and  scarfed  together.  It  extends  completely  across  the  excavalion, 
and  1^  or  2  feet  into  the  earth  at  each  side;  and  at  first  resta  on 
the  earth. 

D,  props  inserted  so  as  to  rest  on  the  sill  C  and  sapport  the 
bars  A.     Places  are  now  cut  to  receive 

£,  struts,  2  or  3  in  number,  10  inches  in  diameter,  or  thereaboats, 
whose  forward  ends  abut  against  the  sill  0,  and  their  hacbwaitl 
ends  in  side  lengths  against  the  timbering  of  the  shaft^  and  in 
other  lengths  against  notches  in  the  completed  brickwork. 

The  excavation  being  by  degrees  carried  down,  there  are  in- 
serted— 

F,  raking  props  below  the  sill  G,  standing  on  foot-blocks,  and 
covered  in  front  with  poling  boards.  When  the  excavation  has 
been  carried  down  to  the  level  of  the  foot-blocks,  there  is  inserted — 

G,  a  lower  sill,  similar  to  C ;  and  this  is  ultimately  supported 
and  kept  in  its  place  by  struts  I  and  raking  props  K,  in  the  same 
manner  with  0. 

L  is  part  of  the  bottom  heading. 

The  bottom  of  the  excavation  is  formed  with  great  accuracy  to 
receive  the  invert,  or  inverted  aroh,  which  forms  the  base  of  the 
brickwork,  the  levels  being  set  out  as  described  in  Article  70, 
p.  11 6.  The  invert  and  side  walk  aro  built  according  to  moulds,  as 
described  in  Article  252,  p.  392;  and  the  aroh  of  the  roof  upon 
centres,  consisting  of  three  ribs  under  each  length.  The  best 
centres  have  ribs  of  iron,  with  scrows  under  each  laggin.  The 
centres  aro  usually  supported  on  cross  sills,  which  aro  themselves 
supported  partly  by  posts  resting  on  the  floor,  and  partly  by  their 
ends  being  inserted  into  holes  in  the  side  walls,  which  aro  bmlt  up 
after  the  centres  aro  struck. 

Afier  the  biickwork  of  a  length  has  been  built,  most  of  the 
crown  bars  which  lie  above  the  aroh  can  be  pulled  forward  so  as  to 
serve  for  the  next  length;  those  which  resist  this  must  be  lefL 
All  spaces  between  the  brickwork  and  the  earth  must  be  carefQlly 
rammed  up. 

The  follovdng  was  the  distribution  of  the  cost  of  Blechingley 
tunnel,  according  to  Mr.  Simms : — 

Materials.  Per  Cent 

Bricks, 30^ 

Cement, 11 

Timber, 11, 

Ironwork, 2-, 

Miscellaneous, 6^ 

Carried  forward^ —  6a 
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Brought  forward, : 62 

Laboub. 

Mining — Shafts,  heading,  (fea, 3^ 

„         Tunnelling, 15J 

19 

Brickwork, 12 

Miscellaneous  Expenses, 

Such  as  tunnel  entrances,  culvert,  machineiy, 
buildings,  inspection,  d^, 7 


100 


The  total  oost  per  yard  forward  was  about  £72;  the  clear 
dimensions  of  the  tunnel  being  24  feet  X  24  feet,  and  the  brickwork 
from  1  foot  10^  inches  to  3  feet  thick. 

The  form  of  crosa-section  is  that  already  given  in  fig.  266, 
pi  588. 

396.  Tmnei  VvMifi— DvBiaace* — ^A  tunnel  front  consists  of  span- 
dril  walls  above  the  arch,  and  wing  walls  at  each  side,  like  those 
of  a  bridga  To  secure  the  end  of  the  arch  against  the  tendency 
of  the  slope  of  earth  above  it  to  push  it  outwards,  it  may  be  tied 
l^k  by  longitudinal  iron  rods  to  a  horseshoe-shaped  curb  of  cast 
iron,  built  into  the  brickwork  at  a  distance  back  from  the  front 
about  equal  to  the  height  of  the  tunnel. 

A  tunnel  which  has  no  invert  may  be  drained  by  means  of  a 
pair  of  side  drains,  like  a  cutting;  but  where  there  is  an  invert,  the 
inain  drain  should  be  a  central  culvert,  of  which  the  invert  itself 
Diay  form  the  floor.  * 

A  catch -water  drain  should  divert  the  surface  water  which  might 
otherwise  flow  over  the  tunnel  front. 

397.  T— Mrtiit  hi  niadL — The  celebrated  tunnel  of  the  elder 
Brnnel  under  the  Thames  consists  of  a  rectangular  mass  of  brick- 
work laid  in  cement,  37*5  feet  broad  and  22  feet  high,  containing  a 
P^  of  parallel  horseshoe  archways,  each  14  feet  span  and  17  feet 
^gh,  which  are  connected  together  by  small  cross  archways  at 
uitervak.  The  least  thicknesses  of  the  brickwork  are,  at  the  crown 
of  the  arch  2^  feet,  at  the  base  of  the  invert  2^  feet,  at  the  sides  3 
feet,  in  the  central  wall  3^  feet.  The  whole  mass  of  brickwork 
i^ests  on  a  base  of  elm  planks  3  inches  thick 

In  driving  this  tunnel,  the  place  of  the  timbering  of  the  ex- 
cavation described  in  Article  395,  was  supplied  by  a  machine 
called  a  ^<  shield,"  which  was  pushed  on  in  advance  of  the  brick- 
work at  a  distance  of  about  eight  feet.  The  shield  was  of  the  same 
^endom  with  the  mass  of  brickwork    It  consisted  of  twelve 
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equal  and  similar  divisions  standing  rertically  side  by  edde,  and 
capable  of  being  pushed  forward  to  a  short  distance  independently 
of  each  other.  Each  division  consisted  of  a  cast  and  wrpught  iron 
frame  about  3  feet  broad  (to  allow  a  small  space  between  Uie 
frames),  containing  three  stages  for  workmen.  It  had  two  caKt  iron 
feet,  resting  on  the  floor  of  elm  planks ;  on  these  feet  it  was  sup- 
ported by  a  pair  of  hinged  legs  of  lengths  adjustable  by  screws.  It 
had  an  iron  roof  extending  back  to  the  brickwork,  and  a  pair  of 
jack-screws  at  the  top  and  bottom,  abutting  against  the  front  end 
of  the  brickwoi^,  to  push  it  tbrwmrd.  The  several  frames  were  con- 
nected together  by  hinged  arms,  nearly  vertical,  to  enable  them  to 
afford  support  to  each  other  when  required.  The  spaces  at  each  sdde 
of  the  shield,  extending  back  from  the  face  of  the  excavation  to  the 
brickwork,  were  guarded  by  iron  platea  Each  frame  had  in  front 
of  it)  extending  from  top  to  bottom,  a  range  of  poling  boards;  each 
poling  board  was  3  inches  thick  and  6  inches  broad,  and  waa 
pressed  against  the  material  in  front  by  a  pair  of  small  jack-screws 
abutting  against  the  frame. 

The  following  is  an  outline  of  the  process  of  excavation  witli 
this  apparatus : — Take  out  the  uppermost  poling  board  in  fit>nt  <^ 
a  fr^ame,  cut  away  about  3  inches  of  the  stuff  in  front,  replace  the 
poling  board,  with  its  screws  now  abutting,  not  against  the  frame 
directly  behind  it,  but  against  the  two  frames  at  each  side  of  that; 
screw  it  forward  till  it  again  presses  against  the  earth.  IVoceed  in 
this  way  till  the  whole  range  of  poling  boards  have  been  advanced 
three  inches,  their  screws  abutting  against  the  two  frames  at  each 
side  of  their  proper  frame ;  shorten  the  1^  of  the  latter  frame  eo 
as  to  \j£t  its  feet,  and  advance  them ;  then  push  forward  the  frume 
six  inchee  by  means  of  its  large  abutting  screws :  it  is  suppoeed  to 
have  been  previously  three  inches  behind  the  adjoining  frames,  and 
is  now  three  inches  in  advance  of  them.  Eepeat  the  whole 
operation  of  advancing  the  poling  boards,  restoring  their  screws  to 
their  proper  frame.  This  entire  opeiution  having  been  performed  on 
six  alternate  frames  at  the  same  time,  the  same  opeiution  is  per- 
formed on  the  other  six  alternate  frames,  and  so  on  until  the  whole 
shield  has  been  advanced  far  enough  to  admit  of  a  new  ring  of  brick- 
work  being  built  In  order  to  advance  the  brickwork  behind  a 
given  frame  of  the  shield,  the  poling  boards  of  that  frame  must 
have  their  screws  abutted  i^inst  the  adjoining  frame,  so  that  the 
great  abutting  screws  may  be  removed  from  the  front  of  the  part  of 
the  brickwork  which  is  in  progresa 

The  shafts  at  the  two  ends  of  the  tunnel  have  been  mentioned 
in  Article  391,  p.  590.  The  Rotherhithe  shaft  was  sunk  38  feet 
on  a  drum-curb,  and  about  as  much  &rther  by  underpinning;  the 
Wapping  shaft  waa  sunk  to  its  whole  depth,  72  feet,  on  a  drum-curb 
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(For  details  of  the  Thames  tunnel,  see  Weale's  Quarterly  Papen 
on  Enginemng,) 

The  Thames  tunnel  cost  £1,137  per  yard  forward^  or  nearly 
£12  5s.  per  cubic  yard  of  its  entire  bulk. 

Sectioh  IL — Of  Timber,  Iron,  and  Submerged  FoundaJtUms. 

398.  CtaMnd  FHaeiylw  BrtMwyja  F— #■!!»■■■  Foundations 
vhich  can  be  executed  by  the  use  of  earthwork  and  masonry  alone 
have  already  been  treated  of  in  Chapter  IIL  of  this  Part,  Section 
IV.,  Articles  235  to  239,  pp.  377  to  382.  The  present  section 
relates  to  those  foundations  which  involve  the  use  of  structures  in 
timber  and  iron,  and  of  operations  under  water. 

The  general  principles  already  explained  with  reference  to 
ordinary  foundations,  viz.,  that  the  base  should  be  as  nearly  as 
possible  perpendicular  to  the  resultant  pressure,  and  that  the  centre 
of  pressure  should  not  deviate  from  the  centre  of  figure  of  the  base 
beyond  certain  limits,  are  applicable  to  the  foundations  considered 
ill  the  present  section  also.  The  mathematical  expreesiou  of  those 
principles  has  been  given  in  Articles  236,  237,  pp.  377  to  380. 

In  calculations  respecting  the  stability  of  structures  whose 
foandations  are  submerged  in  water,  it  is  to  be  borne  in  mind  that 
the  pressure  of  the  water  on  the  immersed  part  of  the  structure  has 
the  same  effect  as  if  the  weight  of  that  part  were  diminished  by  an 
unonnt  equal  to  the  weight  of  an  equal  volume  of  water;  that  is, 
as  if  the  heaviness  df  the  immersed  part  of  the  structure  were 
diminished  by  62*4  Iba  per  cubic  foot  (See  Article  107,  Division 
IV.,  p.  165.) 

399.  ¥Mni*iifMM  Ml  TlMWr  Ptaicftrani  are  employed  where  the 
ground  is  too  soft  and  wet  for  the  expedients  mentioned  in  Article 
239,  p,  381.  The  best  European  timber  for  such  platforms  is  elm 
or  oak.  Beams  of  from  10  inches  to  1  foot  square  are  laid  about  3 
f<»t  apart,  in  two  layers,  crossing  each  other  so  as  to  foim  a  grat- 
ing, tbe  space  between  them  is  filled  with  concrete,  and  above 
them  is  laid  a  layer  of  planking,  3  or  4  inches  thick,  on  which  the 
building  rests.  Another  mode  of  consti*ucting  such  platforms  is  to 
%  several  layers  of  planks  and  pin  them  tc^ether.  In  order  that 
timber  platforms  may  be  durable,  they  should  be  constantly  wet 

400.  F#«B4MttoBs  •■  Irmt  PlatArws  are  of  too  recent  introduction 
to  be  yet  capable  of  reduction  to  general  principles.  As  a  practical 
^^mple,  however,  of  a  platform  of  this  kind,  may  be  cited  the  cast, 
lion  invert  lately  substituted  for  a  stone  invert  in  a  lock  at  Grange- 
mouth, as  described  in  a  paper  by  the  engineei',  Mr.  Milne  (see 
transactions  of  the  Institution  o/ Engineers  in  Scotland  for  1859-60). 
^  lock  is  30  feet  broad;  the  depth  of  water  18  feet  6  inches;  the 
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aide  walls  about  8  feet  thick  and  20^  feet  higli;  the  invert  ia 
question  consists  of  a  series  of  trough-shaped  cast  iron  girders,  lying 
close  together  side  by  side,  and  bolted  to  each  other  through  their 
vertical  sides;  each  of  them  is  2  feet  broad,  21  inches  deep  at  the 
springing,  12  inches  deep  at  the  centre  of  the  invert,  and  2  inches 
thick ;  each  of  their  vertical  sides  has  a  flat  horizontal  flange  at  the 
top,  4  inches  broad.  The  trough-shaped  interior  of  each  girder  is 
filled  with  concrete,  covered  with  a  layer  of  bri<^  laid  in  cement. 

40L  siMtt  Pilm  are  driven  in  order  to  compress  and  oonsolidate 
the  soiL  They  are  usually  of  round  timber,  from  6  to  9  inches  in 
diameter,  and  from  6  to  12  feet  long,  and  are  planted  as  close  to 
each  other  as  is  practicable  without  causing  the  driving  of  one  pQe 
to  make  the  others  ris&  The  outside  row  of  piles  should  be  driven 
first,  then  the  next  within,  and  so  on  to  the  centre.  The  mass  of 
consolidated  soil  and  piles  thus  produced  may  be  regarded,  as 
respects  the  relation  between  its  bulk  and  the  load  that  it  can  bear, 
in  the  same  light  as  if  a  trench  had  been  dug  of  the  same  volume, 
and  filled  with  a  stable  material ;  as  to  which,  see  Article  239, 
p.  381.  On  the  top  of  the  piles  may  be  placed  either  a  platform,  a 
layer  of  concrete,  or  both. 

402.  BMiitoc  PilM  act  as  pillars,  each  supporting  its  share  of  the 
weight  of  the  building.  They  may  either  be  driven  through  the 
soft  stratum  until  they  reach  a  firm  stratum  and  penetrate  a  short 
distance  into  it ;  or,  if  that  be  impracticable,  they  may  be  supported 
wholly  by  the  friction  of  the  soft  stratum.  It  appears  from  practical 
examples  that  the  limits  of  the  safe  load  on  piles  are  as  follows : — 

For  piles  driven  till  they  reach  the  firm  ground,  1,000  Iba.  per 

square  inch  of  area  of  head. 
For  piles  standing  in  soft  ground  by  friction,  200  lbs.  per  square 

inch  of  area  of  head. 

The  diameters  of  long  piles  range  from  9  inches  to  18  inches,  and 
should  never  be  less  than  l-20th  of  the  length.*  Their  distance  from 
centre  to  centre  averages  about  3  feet,  and  is  seldom  less  than  2^  feet. 

The  best  material  for  them  is  elm,  which  should  be  chosen  as 
straight-grained  as  possible.  The  bark  should  be  removed,  and 
knots  or  rough  projections  smoothed  ofi*. 

Piles  should  be  driven  with  the  butt  or  natural  lower  end  of  the 
timber  downwards.  It  is  roughly  sharpened  to  a  point  whose 
length  is  from  1^  times  to  twice  its  diameter;  and  should  stones  or 
other  hard  materials  occur  in  the  strata  to  be  pierced,  the  point 
must  be  fitted  with  a  *^  shoe*'  of  cast  or  wrought  iron,  fasten^  on 
with  spikes.  The  weight  of  these  shoes  averages  about  1-lOOth  part 
of  that  of  the  piles. 

To  prevent  the  head  of  a  pile  from  being  split  or  bruised  by  the 
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blows  of  the  *'  ravC*  ofled  in  driving  it^  it  is  bound  with  a  wrought 
iron  hoop. 

Pile-^ving  engines  are  of  various  kind&  The  simplest  is  the 
''  ringing  engine^*  in  which  the  ram,  weighing  about  800  lbs.,  and 
moving  between  timber  guides,  is  attached  to  one  end  of  a  rope 
which  passes  over  a  pulley.  The  other  end  of  the  rope  branches  out 
into  a  nnmber  of  smaller  ropes,  each  held  by  a  man,  in  the  pro- 
portiou  of  one  man  for  each  40  lbs.  weight  of  the  ram,  or  there- 
aboiit&  The  men,  pulling  all  together,  lift  the  ram  3  or  4  feet,  and 
on  a  given  signal,  let  go  all  at  once,  so  as  to  drop  it  on  the  head  of  the 
pile.  It  is  found  that  they  work  most  effectively  when,  after  every 
3  or  4  minutes  of  exertion,  they  have  an  interval  of  rest ;  and  under 
these  circumstances  they  can  give  about  4,000  or  5,000  blows  per 
day. 

In  the  ^^fnonkey  engine^  the  ram,  weighing  about  400  lbs.,  and 
held  by  a  staple  in  a  pair  of  tongs,  is  drawn  up  10  feet,  15  feet,  or 
higher  if  necessaiy,  by  means  of  a  windlass;  at  the  top  of  the  lift 
the  handles  of  the  tongs  come  in  contact  with  two  inclined  planes 
which  cause  them  to  let  the  ram  fall ;  the  tongs  are  then  lowered, 
and  have  jaws  so  shaped  that  on  reaching  the  staple  at  the  top  of 
the  ram  they  lay  hold  of  it  again.  The  windlass  may  be  driven  by 
men,  horses,  or  steam  power. 

The  steam  hammer  is  sometimes  used  for  driving  piles ;  and  also 
an  engine  somewhat  on  the  same  principle,  in  which  the  ram  is 
lifted  by  the  pressure  of  compressed  aii*.  In  such  machines  rams 
of  great  weight  are  sometimes  used,  such  as  1  ton,  or  a  ton  and 
a-hal£ 

Piles  may  be  driven  in  a  direction  either  vertical  or  raking,  ac- 
cording to  the  position  of  the  guides  between  which  the  ram  slide& 
That  direction  should  be  parallel  to  that  of  the  pressure  which  they 
are  to  resist 

When  the  head  of  a  pile  is  to  be  driven  below  the  reach  of  the 
stroke  of  the  ram,  the  blow  is  transmitted  from  the  ram  to  the  pile 
by  means  of  an  intermediate  short  post  of  timber  called  a  "puncli,'* 
or  "  doUy," 

According  to  some  of  the  best  authorities,  the  test  of  a  pile's 
having  been  sufficiently  driven  is,  that  it  shall  not  be  driven  more 
than  one-jijih  of  an  inch  by  thirty  blows  of  a  ram  weighing  800  lbs. 
and  falling  5  feet  at  each  blow ;  that  is  to  say,  by  a  series  of  blows 
whose  total  mechanical  energy  amounts  to 

30  X  800  X  5  =  120,000  foot-pounds.* 

*  Tbe  ibnowiog  fi>rmal«  show  the  rdadon  between  the  blow  required  to  drive  a 
pile  a  given  deptl^  and  the  greateet  load  that  it  will  bear  without  sinking  further, 
mpw^ing  it  to  be  supported  by  an  uniformly  distributed  friction  against  its  sides. 
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Files  are  draumy  when  required,  by  means  of  the  hydiwilic 
press. 

When  a  firm  stratum,  into  which  the  points  of  a  set  of  piles  are 
driven,  underlies  a  stratum  so  soft  that  their  lateral  stability  is 
doubtful,  a  mass  of  loose  stones  may  be  thrown  in  round  them,  to 
give  them  the  steadiness  which  they  want 

After  the  driving  of  a  set  of  piles  has  been  completed,  their 
heads  are  to  be  sawn  off  to  the  height  required  fcnr  the  support  of 
the  platform* 

The  soft  ground  round  the  tops  of  the  piles  is  then  to  be  scooped 
out  to  a  depth  which  in  ordinary  cases  ranges  from  3  to  5  feet,  and 
the  space  filled  with  hydraulic  concrete,  laid  in  layers  not  exceeding 
1  foot  deep. 

The  platform  supported  by  the  piles  consists  of  a  grating  of 
beams  of  10  or  13  inches  square,  called  string-pieces  and  cross-fdeceSy 
half-notched  into  each  other  over  the  heads  of  the  piles,  to  which 
they  are  fixed  by  treenails,  and  covered  with  planking  3  or  4  inches 
thick.  The  spaces  between  the  beams  of  the  grating  are  to  be 
filled  with  hydraulic  concrete.  The  beams  on  the  top  of  the  outer- 
most rows  of  piles  are  usually  made  so  deep  that  their  upper 
surfaces  are  flush  with  that  of  the  planking,  which  is  rtMeted  into 
them;  that  is,  sunk  in  a  groova  Those  beams  are  in  this  case 
called  the  capping. 

Piles  mav  be  driven  into  rock  by  first  jumping  holes  in  it  of  a 
little  leas  diameter  than  the  piles. 

For  ccbst  iron  piles,  the  best  form  is  that  of  a  tuba     To  prevent 
their  being  broken  by  the  blows  of  the  ram  in  driving  them,  a 

Let  W  be  the  weight  of  the  imm. 
A,  the  height  from  which  it  fkUa 

jr,  the  depth  thiough  which  the  pile  Is  driTen  by  the  kut  blow. 
P,  the  greateet  load  it  will  bear  without  sinking  farther. 
S,  the  sectional  area  of  the  pila 
A  its  length. 
E,  its  modulos  of  elasticity. 

Then  the  energy  of  the  blow  is  thns  employed:— 

P*/ 
W  A  =a  (employed  in eompressiQg  the  pile)  +  P  •  (emplorod  ia  dririiig  it}* 

and  conseqnentlyi 

„      ^    /AeSWA  .   4E«S'a?\       2ESx 
^  =  V  V 1 ^   ~f'~) i~"' 

Plies  are  nsaally  driven  until  P,  as  computed  by  this  formula,  is  between  2,000 
and  3,000  lbs.  per  square  inch  of  the  area  S ;  and  as  their  working  load  ranges  fhun 
200  to  1,000  lbs.  per  square  inch,  the  (actor  of  safety  against  sinking  is  hum  8  to  10. 
The  factor  of  safety  against  direct  crushing  of  the  timber  should  not  be  less  than  10. 
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timber  prmch  is  interposed  between  the  head  of  the  ram  and  the 
pile.  The  best  mode,  however,  of  driving  them^  is  by  the  aid  of 
the  screw,  which  will  be  mentioned  in  the  next  lurtide. 

403.  ikNw  miem  the  invention  of  Mr.  Alexander  MitcheU,  are 

piles  which  are  screwed  into  the  stratum  in  which  they  are  to 

stand.     The  pile  may  be  either  of  timber  or  iron,  and  that  it  may 

admit  of  being  easily  turned  about  its  axis,  should  be  cylindrical,  or 

at  all  events  octagonaL     The  screw  blade,  which  ia  fixed  on  at  the 

loot  of  the  pile,  is  usually  of  cast  iron,  and  seldom  makes  more 

ihan  a  single  turn.   Its  diiuneter  is  from  twice  to  eight  times  that  of 

the  shaft  of  the  pile,  and  its  pitch  from  one-half  to  one-fourth  of 

its  diameter.     The  best  mode  of  driving  screw  piles  is  to  apply  the 

power  of  men  or  of  animals,  walking  on  a  tempontiy  platform, 

directly  to  levers  radiating  from  the  heads  of  the  pilea 

As  an  example  may  be  cited  the  cast  iron  piles  already  men- 
tioned in  Article  381,  p.  572,  as  being  used  in  the  piers  of  railway 
bridges  in  India.  E^h  of  these  was  screwed  into  the  ground  by 
means  of  four  levers,  each  40  feet  long,  and  each  having  eight 
bullocks  yoked  to  it^  According  to  this  example,  the  greatest 
working  load  upon  each  screw  of  4  feet  6  inches  in  diameter, 
exchuive  of  the  earth  and  water  above  it,  is  nearly  as  follows : — 

Pier  25  tons  +  superstructure  12  +  train  30  =  67  tons  =  150,080 
lbs.,  being  at  the  rate  of  nearly 

100  lbs.  per  square  inch  of  the  horizontal  projection  of  the  screw- 
blade. 

As  these  piles  are  screwed  from  20  to  45  feet  into  the  earth,  the 
weight  of  earth  above  each  screw-bkde  may  be  taken  as  ranging 
from  14  lbs.  to  31  lbs.  per  square  inch;  so  that  the  load  on  each 
screw  blade,  exclusive  of  the  weight  of  earth  above  it,  ranges  fix>m 
3  times  to  7  times  that  weighty  and  including  the  weight  oi  eari^, 
from  4  times  to  8  times;  results  which  correspond  with  the  theory 
of  Article  237,  p.  379,  if  the  angles  of  repose  of  the  sarth  be 
assumed  to  range  from  about  28''  to  about  19^ 

The  chief  uses  of  screw  piles  are  to  form  the  vertical  supports  of 
platforms  of  openwork  piers,  whether  of  timber  or  iron,  and 
of  such  structures  as  harbour-jetties  and  lighthouses,  and  to  fasten 
down  permanent  mooring-chains  in  harbours.     (See  p.  618.) 

404.  Bfccet  FiiM  are  flat  piles,  which,  being  driven  successively 
edge  to  edge,  form  a  vertical  or  nearly  vertical  sheet,  for  the  pur- 
pose of  preventing  the  materials  of  a  foundation  frx>m  spreading, 
or  of  guarding  them  against  the  undermining  action  of  water. 
Thev  may  be  made  either  of  timber  or  of  iron. 

Timber  sheet  piles  are  planks  having  a  projection  or  feather  along 
one  oig^t  '^^  ^  corresponding  gixK>ve  along  the  opposite  edge. 
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They  are  of  any  breadth  that  can  readily  be  procored,  and  from  2^ 
to  10  inches  thick,  and  are  sharpened  at  the  lower  end  to  an  edge, 
which,  in  stony  ground,  may  be  shod  with  sheet-iron. 

When  a  space  is  to  be  enclosed  with  sheet-piling,  a  range  of  guide- 
pflea  is  first  driven,  being  long  rectangolar  piles  at  regular  inter- 
vals  apart  of  from  6  to  10  feet :  these  are  driven  to  the  same  depth 
as  bearing-piles.  To  the  opposite  sides  of  these,  near  the  top,  are 
notched  or  bolted  a  pair  of  parallel  string-pieces  or  wales:  these  are 
horizontal  beams,  from  5  to  10  inches  square,  notched  on  the  guide- 
piles  to  such  a  depth  as  leave  a  space  between  them  of  a  width  equal 
to  the  thickness  of  the  sheet-piles.  If  the  sheet-piles  aire  to  stand 
more  than  8  or  10  feet  above  the  ground,  a  second  pair  of  wales  is 
leouired  near  the  level  of  the  ground. 

The  sheet-piles  are  driven  between  the  wales  to  about  half  the 
depth  of  the  guide-piles,  beginning  with  the  sheet-piles  next  the 
guide-piles,  and  working  towards  the  middle  of  each  space  between 
a  pair  of  guide-piles ;  so  that  the  last  or  central  sheet-pile  acts  as  a 
wedge  to  tighten  the  whole. 

In  iron  sheet-piling  the  guide-piles  may  be  either  tubular,  or  of  a 
form  of  section  like  a  trough-gmler  set  on  end  (fig.  240,  p.  524), 
The  sheet-piles  are  also  like  trough-girders  set  on  end,  being  plates 
stiffened  by  vertical  ribs  on  the  inner  side.  Their  side  edges  are  so 
formed  as  to  make  over-lapping  joints,  and  their  lower  edges  are 
wedge-shaped. 

For  example,  in  the  foundi^tions  of  Chelsea  Bridge,  the  cast  iron 
guide-piles  are  tubular,  flat  on  the  outer  side,  semi-cylindrical  on 
the  inner  side,  12  inches  in  external  diameter,  and  1  inch  thick, 
and  are  27  feet  long ;  the  sheet-piles  are  cast  iron  pktes,  10  feet 
long,  from  6  to  7  feet  broad,  and  1  inch  thick,  stiffened  by  verti- 
cal ribs,  which  are  from  4  to  6  inches  deep,  and  from  10  to  20  inches 
apart,  and  by  one  horizontal  rib  of  about  the  same  dimensions  at 
the  upper  edge. 

405.  TiaiherMidl  If^C— i  Csacrate  g— dlwii»««  In  founda- 
tions of  this  class  the  building  rests  on  a  mass  of  concrete  (as  to  the 
strength  and  dimensions  of  which,  see  Article  239,  pp.  381,  382), 
that  mass  being  cased  with  sheet-piling  of  timber  or  iron,  such  as 
that  described  in  the  preceding  article. 

The  sheet-pile  casing  is  constructed  first,  and  is  sufficiently  braced, 
transversely  and  diagonally,  to  enable  it  to  resist  the  pressure  to 
which  it  may  be  exposed,  whether  of  water  and  mud  from  without, 
or  of  concrete,  while  in  the  soft  state,  fr^m  within.  The  soft  ma- 
terial within  the  casing  is  then  scooped  out 

The  concrete  should  be  that  described  in  Art  230,  p.  374,  as 
strong  hydraulic  concrete,  or  "beton"  and  should  be  laid  in  layens  of 
about  a  foot  thick^  each  layer  being  either  well  rammed  or  thrown 
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in  fivim  a  Btage  at  least  10  feet  Ugli.  Time  shonld  be  given  for  the 
concrete  to  become  Grm  before  a  heavy  load  is  placed  on  it;  for  it 
has  been  shown  by  recent  observations  that  intense  pressure  ret&rda 
tiie  setting  of  concrete. 

The  catling,  beaidea  facilitating  the  excavation  of  a  bed  for  the 
concrete,  serves  to  protect  it  afterwards  from  injuiy  by  such  causes 
03  the  wealing  addon  of  a  river  current.  When  the  casing  is  of 
iron,  it  is  capable  of  bearing  also  a  share  of  the  load. 

Sometimes  a  timber  or  iron-cased  mass  of  concrete  is  combined 
with  a  system  of  bearing-pilea,  aa  described  in  Article  402,  pp.  602  to 
604. 

406.  Ina  Tahariar  g— Jatl»a»  consist  of  large  hollow  vertical 
cast  iron  cylinders,  filled  with  rubble'  masonry  or  concrete,  snch  ss 
have  already  been  partly  described 
in  Article  381,  pp.  672,  573. 

The  general  cAnatniction  of  soch 
cylinders  and  the  mode  of  sinking 
.  them  are  shown  by  the  vertical 
section,  fig  274.  Amongst  the 
auxiliary  stmcturee  and  roachinery 
not  shown  in  the  figure  are,  a 
temporary  timber  stage  from  which 
the  pieces  of  the  cylinder  can  be 
lowered,  and  on  which  the  ex- 
cavated material  can  be  carried 
away;  and  a  st«am  engine  to  work 
a  pump  for  compressing  air. 

The  following  were  the  dimen- 
riona  <^  the  engine  and  pump  used 
to  supply  air  to  a  cylinder  of  the 
TheisB  bridge  formerly  referred  to ; 
the  diameter  being  9'84  feet,  and 
the  greatest  depth  below  the  sur-  Elg.  274 

face  of  the  water  to  which  the 

cylinder  was  sunk,  66  feet,  corresponding  to  an  absolute  pressure  of 
3  atmospheres  (or  2  atmospheres,  that  is  to  aay,  29  4  lbs.  on  the 
square  inch,  above  the  ordinaty  atmospheric  pressure).  This  b 
said  to  be  the  greatest  pressure  under  which  the  ezcavatois  can 
work  without  danger  to  their  health. 

Diameter  of  steam  cylinder  (high  pressure), 8'67  inchea 

„       of  air-cylindei", ii'Sa       „ 

Length  of  atroke(the  same  in  both  cylinders),...  0-656  foot 

Number  of  revolutions  per  minute, from  lootoiao. 

Horsepower, from      »oto  la- 
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From  these  data  it  appears  that  the  volame  of  air  sizpplieff, 
measured  at  the  ordinary  atmospheric  pressnre,  was  from  100  to 
120  cubic  feet  per  minute.  It  appears  that  the  number  of  peracms 
within  the  cylinder  at  one  time  was  from  six  to  ei^t. 

The  cylinder  consists  of  lengths  of  about  9  feet,  miited  by  internal 
flanges  and  bolts.  The  joints  are  cemented  and  made  air-tight 
with  a  well-known  compositioDLy  oonsisting  of 

Iron  turnings, i,ooo  parts  by  winghk 

Sal-ammoniac, lo    „ 

Flour  of  sulphur, a     „ 

Water  enough  to  dissolve  the  sal^mmomaa 


99 
99 


In  some  examples  each  joint  is  made  ti^ht  by  means  of  a  ring- 
shaped  cord  of  vulcanized  indian  rubber,  lodged  in  a  pair  of  grooves 
on  the  &oe8  of  the  flanges. 

The  lowest  length,   A,  of  the  cylinder,  has  its  lower  edge 
sharpened,  that  it  may  sink  the  more  readily  into  the  ground. 
The  intermediate  lengths,  B,  B,  and  the  uppermost  length,  O,  have 
flanges  at  both  edges,  upper  and  lower.     The  portion  D,  at  the 
top,  forms  the  "  bell."     The  lower  edge  of  the  bell  has  an  internal 
flange  Inr  which  it  is  bolted  to  the  cylinder  below ;  its  upper  end 
is  closed,  and  may  be  either  dome-shaped,  or  flat,  and  strnigthened 
against  the  pre&<mre  of  the  air  within  by  transverse  ribs,  as  in  the 
figure.     In  the  example  shown  the  bell  is  made  of  wrought  iron 
boiler  plates. 

E  is  a  siphon,  2  or  3  inches  in  diameter,  through  which  the 
water  is  discharged  by  the  pressure  of  the  compressed  air. 

F  and  G  are  two  cast  iron  boxes,  called  "  air-locks,"  by  means  of 
which  men  and  materials  pass  in  and  out.  Each  of  them  has  at  the 
top  a  trap  door,  or  lid  opening  downwaixis  from  the  external  air,  and 
at  one  side,  a  door  opening  towards  the  interior  of  the  bell,  and  is 
provided  with  stop  cocks  communicating  with  the  external  air  and 
with  the  interior  of  the  bell  respectively,  which  can  be  opened  and 
closed  by  persons  either  within  the  bell,  within  the  box,  or  outside 
of  both.     These  may  be  called  the  escape  cock  and  the  supply  cocL 

The  bell  is  provided  with  a  supply  pipe  and  valve  for  intro- 
ducing compressed  air,  a  safety  valve,  a  pressure  gauge,  and  a  lai^ 
esca])e  valve  for  discharging  the  compressed  air  suddenly  whoi 
required. 

At  the  lower  flange  of  the  division  0  is  a  timber  platform,  on 
which  stands  a  windlass. 

The  apparatus  is  represented  as  working  in  a  stratum  of  earth  or 
mud,  covered  with  water. 

The  operation  of  sinking  a  cylinder  is  analogous  to  that  of  sink- 
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iog  a  shaft  -with  a  dTom-cnrb.  (Article  391,  p.  592.^  The  first 
opeiatkm  is  to  lower  tbe  lowest  length  A  of  the  cylinder,  till  it 
rests  on  the  earth,  with  as  many  intermediate  lengths  B  as  are  suf- 
ficient to  reach  a  foot  or  two  above  the  top  water-level,  and  one 
additional  length  O,  all  bolted  together.  Then  the  bell  is  bolted 
on.  The  whole  cylinder  sinks  to  a  depth  depending  on  the 
material  on  which  it  resta  The  engine  then  forces  in  air  until 
the  water  is  expelled  from  the  cylinder.  Workmen,  with  tools 
aad  backets,  can  now  pass  in  and  out  through  the  boxes  or  air- 
locks. To  pass  in,  the  operation  is  as  follows : — Shut  the  supply- 
cock  of  the  box,  if  not  shut  already;  open  the  escape-cock — should 
there  be  compressed  air  in  the  box,  it  will  be  discharged;  open  the 
trap-door  and  enter  the  box;  shut  the  trap-door  and  fasten  it; 
shut  the  e8cape-<x)ck ;  open  the  supply-cock;  in  a  few  minutes  the 
box  will  be  ^led  with  compressed  air  at  the  same  pressure  with 
that  in  the  bell ;  open  the  side  door  and  pass  into  the  belL  To 
pass  oat,  the  operation  is  as  follows : — Should  the  escape-cock  of 
the  box  be  op^i,  shut  it;  should  the  supply-cock  be  shut,  open  it; 
the  box  will  soon  be  filled  with  compressed  air,  if  not  full  already; 
open  the  side-door,  enter  the  box,  close  the  side-dow,  shut  the 
supply-cock,  open  the  escape-cock ;  when  the  air  has  fallen  to  the 
external  pressure,  open  the  trap-door  and  pass  out.  Some  of  the 
workmen  (generally  two)  descend  by  a  ladder  or  a  bucket  to  the 
bottom  of  the  cylinder,  dig  away  the  earth  from  its  interior,  and  put 
it  into  buckets,  which  are  raised  by  a  set  of  men  working  the 
internal  windlass,  and  sent  through  the  aii^locks,  whence  they 
are  removed  by  an  external  windlass,  not  shown  in  the  figure. 

So  soon  as  the  excavation  has  been  carried  down  to  the  level  of 
l^e  lower  edge  of  the  cylinder,  the  miners  carry  their  tools  and  the 
lower  division  of  the  siphon  E  up  to  the  platform ;  the  whole  of  the 
workmen  leave  the  bell;  the  great  supply-valve  is  shut,  and  the 
great  escape-valve  opened,  so  that  the  whole  of  the  compressed  air 
escapes.  The  cylinder  being  deprived  of  the  support  arising  from 
the  pressure  of  the  compressed  air  against  the  top  of  the  bell,  sinks 
to  a  depth  usually  varying  from  one  to  two  yards.  When  it  has 
given  over  sinking,  the  great  escape-valve  is  shut,  and  the  great 
supply-valve  opened,  and  the  operation  goes  on  as  before,  until  it 
becomes  necessary  to  put  on  an  additional  length  of  cylinder.  This 
|s  done,  while  the  pressure  within  and  without  are  equal,  by  unbolt- 
ing and  taking  off  the  bell,  putting  on  a  new  length  of  cylinder  on 
the  top  of  C,  which  now  becomes  an  intermediate  length,  removing 
the  platform  and  windlass  up  to  the  new  length,  putting  an 
additional  length  into  the  siphon,  and  replacing  and  boltii^  on  the 
bell 

In  the  case  taken  as  an  example,  each  cylinder  was  sunk  by 

2s 


610  MATERIAIiS  AND  8TRUCTC7RB. 

gangs  of  nine  men  working  ax  hours  afc  a  time;  and  the  earth  (ssnd 
and  day)  was  removed  at  the  rate  of  15  buckets,  each  contamiiig 
*09  of  a  cubic  yard,  per  hour;  that  is, 

15  X  '09  =  I '35  cubic  yard  per  hour,  by  nine  men; 
or  *i5  cubic  yard  per  man  per  hour; 
or  6§  hours  of  one  man  per  cubic  yard. 

The  total  volume  of  earth  which  has  to  be  removed  ranges,  ac- 
cording to  the  stiffness  of  the  material,  from  wwb  to  three  timm  the 
volume  formed  by  multiplying  together  the  sectional  area  of  the 
cylinder  and  the  depth  to  which  it  is  sunk. 

Care  must  be  taken  to  keep  the  cylinder  upiight  as  it  descends, 
by  means  of  stays. 

When  the  sinking  of  the  cylinder  has  been  completed,  it  is  filled 
with  masonry,  or  with  hydraulic  concrete;  as  to  which,  see  Ai-tide 
405,  p.  606.  About  one-half  of  the  building  is  performed  in  the 
compressed  air;  the  remainder,  with  the  cylinder  open  at  the  top, 
the  bell  being  removed. 

Care  should  be  taken  to  pack  the  concrete  or  masoniy  well 
below,  and  to  bed  it  firmly  above,  each  of  the  pairs  of  internal 
flanges. 

In  very  soft  materials  it  is  sometimes  necessaiy  to  drive  a  set  of 
bearing  piles  in  the  interior  of  each  cylinder,  in  order  to  support 
the  concrete  and  masonry. 

The  earliest  mode  of  sinking  iron  tubular  foundations  was  that 
invented  by  Dr.  Potts,  in  which  the  air  is  exhausted  by  a  pump  from 
the  interior  of  the  tube,  which  is  forced  down  by  the  pressure  of 
the  atmosphere  on  its  closed  top.  This  method  is  well  suited  for 
sinking  tubes  in  soft  materials  that  are  free  from  obstacles  which 
the  edge  of  the  tube  cannot  cut  through  or  force  aside,  such  as  laige 
stones,  roots,  pieces  of  timber,  &c* 

407.  Vmmudatimmu  auide  hj  Well^nktog  are  in  some  respects 
analogous  to  iron  tubular  foundations.  They  are  suitable  for  a  soft 
and  wet  stratum  with  a  firm  stratum  below  it  They  are  made  by 
sinking  a  sufficient  number  of  cylindrical  stone  or  brick-lined 
shafts,  each  on  a  drum-curb  (see  Artide  391,  p.  592),  through  the 
soft  stratum,  \mtil  the  firm  stratum  is  reached.     These  shsits  are 


*  The  method  of  sinking  cylinden  by  the  aid  of  oomprMsed  air  was  inreBted 
about  1841  by  M.  Triger.  It  was  first  used  on  a  great  scale  a  few  yean  aftenranb, 
by  Mr.  Hnghes,  at  the  bridge  over  the  Medway  at  Rochester,  execated  from  the 
designs  of  Sir  Wiiiiam  Cubitt,  by  Messrs.  Fox,  Henderson,  &  Co. 

It  was  at  first  Intended  that  the  tubes  should  be  sunk  l>y  the  exliansttve  prooem; 
bnt  the  remains  of  an  old  timber  bridge,  imbedded  in  the  mud  at  the  bottom  of  the 
dver,  rendered  that  impracticable;  and  the  oompteadve  process  was  &en  intiodnoed. 
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then  filled  wiih  rabble  masoniy,  or  with  brickwork,  so  that  eacb  of 
them  becomes  a  solid  cylindrical  pillar. 

408.  Cwi— ■■■ — ^A  caisson  is  a  sort  of  flat-bottomed  boat  in 
wliich  the  foundation-coorses  and  lower  part  of  some  stnio- 
tiire  which  is  to  stand  in  water,  such  as  a  bridge-pier,  are  built, 
and  floated  to  their  intended  site.  The  bottom  of  the  caisson 
is  a  horizontal  timber  platform,  fitted  to  form  a  permanent  part  of 
the  foundation,  as  described  in  Article  399,  p.  601.  The  sides  are 
vertical,  and  are  capable  of  being  detached  from  the  bottom.  A 
seat  is  prepared  for  the  platform,  hj  excavation  alone,  by  laying  a 
bed  of  concrete,  by  driving  a  set  of  piles,  or  otherwise,  as  the 
occasion  may  require.  The  caisson  is  moored  over  that  seat,  and 
when  the  building  within  it  has  been  carried  to  a  sufficient  height, 
it  is  gradually  sunk,  by  slowly  admitting  the  water,  until  the  plat- 
form rests  on  its  bed.     The  sides  are  then  detached  and  removed. 

The  usual  method  of  connecting  the  sides  with  the  bottom  is  as 
follows : — The  main  supports  of  the  bottom  consist  of  a  number  of 
parallel  transverse  beams  whose  ends  project  beyond  the  sides; 
across  the  upper  edges  of  the  sides  are  laid  an  equal  number  of 
similar  beams,  into  which  the  uppermost  wales  or  longitudinal 
pieces  of  the  sides  are  so  notched  as  to  be  kept  by  the  beams  from 
^ing  forced  t<^ther  by  the  pressure  of  the  water.  The  projecting 
ends  of  the  upper  set  of  beams  are  connected  with  those  of  the 
lower  set  by  long  vertical  iron  bolts,  outside  the  caisson,  having  a 
hook  and  eye  joint  a  little  above  the  lower  beams;  and  by  un- 
^itstening  these  the  sides  are  at  once  detached  from  the  bottom. 

The  dimensions  of  the  timber  used  in  the  bottom  are  usually 
about  the  same  as  for  a  foundation-platform  (Article  399,  p.  601); 
those  of  the  framework  of  the  sides  may  be  computed  according  to 
^e  principles  of  the  strength  of  materials,  so  as  to  bear  safely  the 
g^^test  pressore  of  the  water. 

In  an  example  described  by  Becker,  used  in  building  a  bridge 
pier,  the  caisson  was  about  63  feet  long,  21  feet  broad,  and  15  feet 
^«fp  over  all,  the  masonry  within  being  about  18  feet  broad.  The 
CT0S8  beams  were  10  inches  square,  and  about  2  feet  10  inches  apart 
irom  centre  to  centre;  the  upright  standards  of  the  sides  were  10 
inches  square,  and  5  feet  8  inches  from  centre  to  centre. 

^  caisson  that  has  been  sunk,  but  which  still  has  the  sides 
attached,  may  be  floated  again,  in  order  to  rectify  its  position,  if 
pecessary,  by  closing  the  valve  for  the  admission  of  water,  and  pump- 
^g  the  water  out 

409.  DuBa  Ur  FMuUtettoaa  are  made  for  the  purpose  of  eicclud- 
"ig  water  from  a  space  in  which  a  foundation  or  some  such 
structure  is  to  be  made.  The  materials  principally  used  in  them 
*re  timber,  iron,  and  clay  puddle,  as  to  which  last,  see  Article  206, 
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p.  344.     Hjdratilio  concrete  alao  is  oocadoiiaJly  used,  as  to  vlnch, 
see  Article  230,  p.  374, 

L  Clay  Duuma, — In  still  water  of  a  de2)tli  not  exceeding  3  or  4 
feet,  and  on  moderately  firm  gronnd,  a  clay  pnddle  embankment 
forms  a  sufficient  dam ;  care  being  taken,  before  commencmg  it,  to 
dig  a  trench  for  its  foundation,  so  as  to  ronove  loose  and  porous 
material  from  the  sux&oe  of  the  ground. 

II.  Coffer  Dams, — ^In  greater  depths,  the  essential  part  of  an 
ordinary  dam  consists  of  two  parallel  rows  of  main  piles  and  sheet 
piles  (see  Article  404,  p.  605),  enclosing  between  ^em  a  T^-tical 
wall  of  clay  puddle.  The  upper  wales  of  the  two  rows  of  piles  are 
tied  together  by  cross  beams,  which  support  a  stage  of  planking  for 
the  use  of  the  workmen.  The  main  piles  in  one  row  are  from  4  to 
o  feet  apart  The  ground  is  excavated  between  the  rows  of  sheet 
piles  until  a  sufficiently  firm  bottom  is  reached,  and  the  puddle 
rammed  in  laysr& 

The  common  rule  for  the  thickness  of  a  oofier  dam  is  to  make  it 
equal  to  the  height  above  ground,  if  the  height  does  not  exceed  ten 
feet;  and  for  greater  heights,  to  add  to  ten  feet  one-third  of  the 
excess  of  the  height  above  ten  feet. 

When  the  height  exceeds  twelve  or  fifteen  feet,  or  thereabouts, 
three,  and  sometmies  four  or  more,  parallel  rows  of  sheet  piling  are 
driven,  thus  dividing  the  thickness  of  the  dam  into  two,  three,  or 
more  equal  divisions,  each  of  six  feet  thick,  or  thereabouts;  the 
outermost  division  is  made  of  the  full  height,  and  the  heights  of  the 
inner  divisions  are  made  less,  so  as  to  form  a  series  of  steps. 

It  appears  from  experience  that  a  thickness  of  from  two  to  five 
feet  of  clay  puddle  is  sufficient  to  make  a  coffer  dam  water-tight ; 
the  additional  thickness  given  by  the  rules  above  mentioned  is 
i*equired  for  stability,  and  the  more  so  that  the  timber  framework 
cannot  be  stiffisned  inside  by  diagonal  braces  between  the  rows  of 
girder  piles ;  for  such  braces  would  conduct  streams  of  water  along 
their  sides  through  the  puddle. 

Another  mode  of  obtaining  stability  is  to  make  the  dam  simply 
of  sufficient  thickness  to  exclude  the  water,  and  to  support  it  fix>m 
within  against  the  pressure  of  the  water  by  means  of  sloping 
struts,  abutting  at  their  upper  ends  against  the  main  piles  of  the 
inner  face  of  the  dam,  and  at  their  lower  ends,  in  soft  ground, 
against  piles  driven  for  that  purpose,  and  in  hard  ground,  against 
foot-blocks. 

Let  h  be  the  breadth,  in  feet,  of  the  division  of  the  dam  sustained 
by  one  such  strut. 

Xy  the  depth  of  water, 

w,  the  weight  of  a  cubic  foot  of  water, 

being  62*4  lbs.  for  fresh,  and  64  lbs,  for  salt  water. 
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Thai,'  hy  the  principles  of  Article  107,  p.  166,  eqnaiioii  9,  the 
totaJ  pressure  of  the  water  against  that  division  of  the  dam  is 

P  =  «?  6  aj8  ^  2; (1.) 

and  the  moment  of  that  pressure,  relatively  to  a  horizontal  axis  at 
the  level  of  the  ground  is 

M:=wba?  ^6 (2.) 

Let  h  be  the  height  above  the  ground  at  which  the  strut  abuts 
against  the  dam,  and  t  its  inclination  to  the  horizon;  the  thrust 
along  the  strut  is 

T  =  M  sec  i  -f.  A; (3.) 

and  the  scantling  required  to  bear  that  thrust  safely  may  be  com- 
puted by  the  principles  of  Article  158,  p.  238,  equations  6,  7,  8. 

When  a  coffer  dcun  is  to  be  exposed  to  waves,  add  together  the 
greatest  depth  of  still  water  in  front  of  it,  and  twice  the  greatest 
beigbt  to  which  the  crest  of  a  wave  rises  above  the  level  of  still 
water,  and  put  the  sum  for  the  greatest  depth  to  which  the  dam  is 
to  be  adapted  (x  in  the  fonnulse).  In  shallow  water  on  exposed 
parts  of  the  coast,  this  amounts  very  nearly  to  making  x  equal  to 
double  the  greatest  depth  of  still  water. 

In  firm  ground  impervious  to  water,  planks  laid  horizontally  on 
edge  between  a  double  row  of  guide  piles  may  be  substituted  for 
sheet  piling.  The  least  thickness  suitable  for  such  planks  is  about 
2^  inches;  and  with  guide  piles  five  feet  apart  this  is  sufficient  for 
a  depth  of  about  six  feet ;  for  greater  depths,  the  thickness  must 
increase  in  proportion  to  the  square  root  of  the  depth. 

For  a  rocky  bottom,  the  following  construction  has  been  used  by 
Mr.  David  Stevenson  (see  Trans,  Inst.  o/CivU  Engmeers^  voL  III. ; 
also  Encyc  BrU.y  Article  "Inland  Navigation"): — ^Two  parallel 
rows  of  vertical  iron  rods,  three  feet  apart,  were  jumped  into  the 
rock  to  a  depth  of  fifteen  inches,  to  answer  instead  of  guide  piles; 
inside  these  rods,  and  supported  by  them,  were  two  vertical  linings 
of  planks  laid  on  edge  horizontally,  between  which  clay  puddle  was 
rammed;  outside  the  iron  rods  were  horizontal  timber  wales  latYe 
feet  apart  vertically,  or  thereabouts;  these  were  bolted  together  in 
pairs,  through  the  dam,  to  which  stability  was  given  by  means  of 
inclined  timber  rtrute,  as  already  described. 

III.  Caisson  Dams. — ^Another  mode  of  constructing  a  dam  on  a 
rocky  bottom  is  to  use  a  number  of  caissons,  or  flat-bottomed  boats, 
suitably  formed,  so  as  to  enclose  the  space  which  is  to  be  guarded  by 
the  dam ;  when  these  have  been  floated  to  their  proper  places  and 
moored^  they  are  to  be  gradually  sunk  imtil  they  b^;in  to  rest  on 
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the  bottom;  two  rows  of  main  piles,  running  reepectivelj  along  the 
outer  and  inner  &ce8  of  the  enclosure  of  caissons,  are  now  to  be 
lowered  vertically  side  by  side  until  their  lower  ends  rest  firmly 
on  the  bottom,  and  bolted  in  that  position  to  the  sides  of  the 
caissons ;  the  loading  of  the  caissons,  by  means  of  stones  or  other 
heavy  materials,  and  by  admitting  water,  is  now  to  be  proceeded  with, 
until  either  the  whole  or  a  considerable  part  of  their  weight  rests 
on  the  main  piles.  A  framework  is  thus  formed,  resting  on  the 
bottom  by  means  of  the  main  piles.  A  third  row  of  piles,  or  posts, 
suitably  framed  to  the  inner  row  of  main  piles,  is  now  to  be  set  up 
parallel  to  and  within  them;  and  between  these  two  rows,  the  dam, 
properly  speaking,  is  to  be  formed  in  the  manner  already  described, 
with  two  linings  of  planks  and  a  puddle  walL  When  the  dam  is 
removed,  because  of  the  foundation  or  other  work  within  it  being 
finished,  or  because  the  work  is  to  be  interrupted,  the  caissons  are 
to  be  unloaded  and  pumped  dry,  and  floated  away,  so  as  to  be 
available  at  a  future  time  for  the  resumption  of  the  same  work,  or 
the  execution  of  another,  as  the  case  may  be^ 

As  to  dams  of  this  class,  see  Mr.  Hodges's  account  of  the  Victoria 
Bridge. 

Oussons,  or  boats,  capable  of  being  floated  and  grounded  at  will, 
as  above  described,  are  suitable  where  it  is  necessary,  not  to  make 
a  water-tight  dam,  but  mei*e1y  to  obtain  protection  firom  a  current 
that  would  otherwise  impede  or  injure  the  work.  (See  Stevenson 
On  American  Engineering,  Chapter  VIII.) 

IV.  Crilh  Work  Dams  are  used  where  timber  is  abundant  and 
cheap.  Crib- work  consists  of  a  series  of  layers  of  logs,  laid  alternately 
lengthwise  and  crosswise,  notched  and  pinned  to  each  other  at  their 
intersections :  the  distance  apart  of  the  logs  in  each  layer  is  three  or 
four  times  their  diameter.  A  skeleton  frame  of  any  required 
dimensions  having  been  formed  in  this  manner,  is  floated  to  its 
intended  site,  and  there  loaded  with  stones  laid  upon  platforms 
supported  by  some  of  the  upper  layers  of  logs,  until  it  sinks.  It 
can  then  be  used  in  the  same  manner  and  for  the  same  purposes  as 
the  caisson  dams  of  Division  III.  (On  the  subject  of  crib-work,  see 
Stevenson  On  American  Engineering;  Hodges  on  the  Vv^aria 
Bridge,) 

V.  Wtcker-  Work  Dame  will  be  mentioned  further  on. 

410.    ExcaTatiBg    andler    Water,    l>red|[laff»    mmA    Blaaltec. — ^Pro- 

cesses  have  already  been  described  by  which  excavations  are  made 
under  the  water-level  by  the  aid  of  some  apparatus  for  excluding 
the  water  from  the  site  of  the  excavation,  such  as  iron  cylinders 
filled  with  compressed  air  (Article  406,  p.  607),  or  cofier  dams 
(Article  409,  p.  612).  The  present  article  relates  to  the  making  of 
such  excavations  by  tools  or  mechanism^  without  excluding  the 
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water.     Cases  in  which  the  currents  of  the  water  itself  are  made 
available  for  that  purpose  will  be  considered  in  a  later  chapter. 

L  Frate(^ion  of  the  ExccmUion. — ^When  an  excavation  is  madid 
under  water  in  order  to  deepen  a  channel,  it  seldom  requires  to  be 
protected;  but  when  it  is  made  with  a  view  to  the  construction  of 
a  foimdation,  and  there  are  loose  materials,  either  in  the  ground 
excavated,  or  suspended  in  the  water,  it  must  be  guarded  against 
currents  in  the  water,  which  otherwise  would  sweep  those  materials 
into  it  and  fill  it  up.  This  may  be  done  by  caissons  (Article  407, 
Division  IIL,  p.  613),  cribs  (Article  409,  Division  IV.,  p.  614),  or 
bj  an  enclosure  of  sheet  piling,  whether  timber  or  iron  (Article 
404,  p.  605);  and  if  the  excavation  is  for  the  purpose  of  making  a 
piled  or  concrete  foundation,  the  sheet  piling  may  afterwards  form 
the  permanent  casing  of  that  foundation*     (Article  405,  p.  606.) 

II.  Dredging  hy  Hand  is  performed  by  means  of  an  implement 
called  a  *'  spoon,"  or  "  spoon  and  bag."  It  consists  of  a  pole,  at  one 
end  of  which  is  fastened  an  iron  ring,  steeled  at  the  forward  edge, 
and  forming  the  mouth  of  a  bag  of  strong  leather  or  coarse  canvas. 
The  ling  is  hung  by  a  rope  tackle  capable  of  being  wound  up  by 
means  of  a  crab,  and  the  further  end  of  the  pole  is  held  by  a  man. 
As  the  rope  is  wound  up  the  spoon  is  dragged  forward  along  the 
bottom,  against  which  the  man  who  holds  the  pole  causes  the  edge 
of  the  ring  to  press,  scooping  earth  into  the  bag,  until  it  arrives 
directly  below  the  crab,  when  it  is  hauled  up  and  emptied  into  a 
punt  or  mud  barge. 

In  small  depths  of  water,  such  as  four  or  five  feet,  the  labour  and 
cost  of  this  operation  are  not  much  greater  than  those  of  excavating 
similar  materials  on  dry  land.  In  greater  depths  the  operation 
becomes  more  laborious  and  costly,  nearly  in  proportion  to  the 
depth;  and  in  depths  of  more  than  ten  feet  it  is  not  applicable. 

Another  kind  of  hand  dredge  has  a  sort  of  sheet  iron  scoop 
instead  of  the  ring  and  bag,  and  is  suitable  for  rough  and  stony 
niaterials. 

III.  The  Dredging  MctMne  consists  essentially  of  a  pair  of 
parallel  chains,  driven  by  pullies  so  as  to  move  up  the  upper  side 
and  down  the  under  side  of  an  inclined  plane,  and  carrying  in  soft 
ground  a  series  of  buckets,  and  in  stiff  ground  buckets  and  rakes 
alternately ;  the  rakes  to  break  up  the  ground  and  the  buckets  to 
lift  it.  The  upper  end  of  the  inclined  plane  is  hinged,  so  that  the 
lower  end  adapts  itself  to  the  level  of  the  bottom.  The  machine 
vorkfl  in  a  well  in  the  middle  of  the  after  part  of  a  strong  bai*ge, 
over  the  stern  of  which  the  buckets  empty  themselves  into  a  punt 
or  mud  boat  The  ordinary  prime  mover  is  a  steam  engine ;  but 
small  dredging  machines  are  also  used,  which  are  worked  by  hand. 
According  to  Mr.  David  Stevenson^  a  steam  dredge  of  sixteen 
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bone-power  will,  under  favountble  circumstanoeB,  rsaae  about  140 
tons  of  stuff  per  hour  (that  is,  about  100  or  110  cubic  yards);  and 
the  cost  ranges  from  an  amount  nearly  equal  to  that  of  excaYatlon 
in  similar  material  ou  land  (say  about  8d.  per  cubic  yard  for  sand 
and  gravel)  to  about  half  that  amount  (or  nearly  4A.).  In  general, 
the  larger  and  more  powerful  the  machine,  the  less  is  the  cost  of 
dredging. 

lY.  Blasting  Rock  in  shallow  water  is  nearly  similar  to  &e 
same  operation  on  land,  as  to  which  see  Article  207,  p^  344.  In 
general,  proportionately  more  powder  must  be  used  than  on  land ; 
for  under  water,  it  is  desirable  to  shiver  the  rock  into  pieces  that 
can  be  removed  by  dredging.  In  a  good  example  of  such  operationSy 
described  by  Mr.  Edwards  in  the  Frooeedinga  of  the  Inat.  of  Civil 
Engineers^  voL  lY.,  the  weight  of  rock  Iposened  was  about  between 
5,000  and  6,000  times  that  of  the  powder  exploded. 

In  deep  water,  the  diving  bell  must  be  used  in  preparing  ^e 
blasts. 

Y.  Removing  Liurga  Stwiea. — ^Boulders  and  blocks  of  stone  which 
are  too  large  to  be  lifted  by  the  dredging  machine  may  eil^er  he 
split  or  blasted  into  smaller  pieces^  or  may  be  attached,  with  the 
aid  of  diving  apparatus,  by  means  of  a  lewis  (Article  251,  p.  391), 
to  a  boat,  and  so  lifted  and  carried  away. 

411.  DlTtaa  AppaMMB  (I.)  for  a  mmgle  diver  consists  eaaentiaUy 
of  a  metallic  helmet^  usually  spherical,  and  made  of  copper,  enclosing 
the  diver's  head  and  resting  on  his  dioulders,  connected  at  its  base 
with  an  air  and  water-tight  dress,  provided  with  a  long  flexible 
tube  and  valve,  opening  inwards,  for  supplying  air  from  a  compress- 
ing pump  above  water,  an  escape  valve  for  foul  air,  opening 
outwards,  about  the  level  of  the  diver's  chest,  and  some  glased 
openings  (usually  three  in  number),  at  the  level  of  his  eyea  Each 
of  these  openings  should  be  funushed  with  a  water-tight  valve, 
which  the  diver  can  instantly  dose  in  the  event  of  the  glass  being 
brokeu.  The  air  feed-pipe  enters  at  the  back  of  the  helmet,  and 
the  air  is  conducted  thence  by  arched  passages  over  the  diver's 
head  to  points  near  the  glazed  eye-holes.  By  this  arrangement  the 
entrauce  of  water  is  prevented,  in  the  event  of  the  feed-pipe  burst- 
ing. To  overcome  the  buoyancy  of  the  apparatus,  and  enable 
the  diver  to  sink,  his  waterproof  dress  is  loaded  with  about  a 
hundi'edweight  of  lead,  part  in  the  soles  of  the  shoes,  part  fiiatened 
to  the  breast  and  back.  He  usually  hauls  himself  up  by  means  of 
a  rope ;  but  should  he  wish  to  ascend  suddenly  he  has  only  to  close 
the  escape-valve,  when  the  air  inflates  the  waterproof  dress  and 
causes  him  to  float  to  the  surface.  If  necessary,  he  carries  a  buU's- 
eye  lantern,  air  and  water-tight>  and  suppUed  with  air  in  the  same 
manner  with  the  helmet;  the  chimney  has  a  flexible  dischaige- 
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pipe  aaoending  to  the  sur&ce,  with  a  Talve  opening  outwards.  This 
lamp  is  Teqiiired  more  espeoiallj  in  turbid  water.*  In  America  a 
diTing  helmet  has  been  used  made  wholly  of  glaas. 

II.  The  Dining  BeU  commonly  nsed  is  shaped  like  a  rectangnlar 

box  with  roonded  comers,  measuring  about  six  feet  by  four  feet 

honacMitally,  and  five  feet  high,  two  inches  thick  in  the  top  and 

upper  part  of  the  sides,  and  increasing  to  three  and  a-half  inches  or 

thereabouts  at  the  lower  edge,  for  the  sake  of  stability.     It  usually 

weighs  about  five  tons,  and  displaces  three  and  a-half  tons  of  water, 

or  thereabouts,  when  quite  filled  with  air:   the  difference  is  the 

load  on  the  crane  and  windlass  by  which  it  is  lowered  and  raised. 

It  has  a  number,  not  usually  exceeding  twelve,  of  bull's  eyes,  or 

glazed  holes  in  the  top  to  admit  light;  they  are  eight  or  ten  inches 

in  diameter,  and  the  glass  about  two  inches  thick.     The  flexible 

feed-pipe  for  supplying  compressed  air  is  about  three  inches  in 

diameter.     If  the  quantity  of  air  required  be  calculated  according 

to  the  data  already  stated  as  to  the  supply  of  foundation-cylinders 

(Article  406,  p.  608),  or  according  to  the  usual  practice  in  public 

buildings,  it  should  amount  to  about  twelve  cubic  feet,  measured 

at  atmospheric  pressure,  per  man  per  minute.     Signals  may  be 

made  by  persons  in  the  bell  to  those  at  the  pumps  and  crane  by 

pulling  cords  and  ringing  bells. 

ILL  The  Diving  Boat  (of  which  different  kinds  have  been  in- 
vented by  Dr.  Payeme  and  others)  is  a  diving  bell  on  a  large  scale, 
conTeniently  sbi^ed  for  being  moved  about,  and  provided  with  a 
magazine  of  compressed  air,  contained  in  a  casing  surrounding  the 
working  chamber  or  belL  This  magazine  answers  the  purpose  of 
the  air-bladder  of  a  fish,  by  enabling  those  within  the  bell  to  make 
it  sink  and  rise  at  will;  for  by  injecting  water  with  a  forcing- 
pump  into  the  magazine,  the  boat  becomes  heavier,  and  sinks;  and 
by  opening  an  e8capeKM)ck  at  the  bottom  of  the  magazine,  the  water 
ia  forced  out  by  the  compressed  air,  and  the  boat  becomes  lighter 
and  risea 

412.  BMtaidaas  wmA  BsIUUbk  mmita  Water.  (See  also  Article 
205,  p  344.) — Embankments  under  water  may  be  made  by  tipping 
in  the  material  from  a  stage  supported  on  posts  or  on  screw  piles, 
or  from  boats;  a  moveable  inclined  plane  or  shoot  being  used  to 
direct  the  material  to  the  spot  where  it  is  to  falL  Stones  and 
gravel  are  in  general  the  only  materials  whose  stability  can  be 
relied  on  when  exposed  to  currents  in  the  water;  and  the  diameter 
of  the  smallest  pieces  should  not  be  less  than  about  one  twenty- 
fourth  part  of  the  velocity  of  the  current  in  feet  per  second.   When 

*8ee  dewriptloii  of  Hdnke's  Diving  Appaiattu,  in  the  (^ml  Engineer  and 
i'  Journal  fivr  September,  1860. 
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the  outside  of  an  embankment  is  formed  with  stones,  the  interior  maj 
be  filled  with  smaller  and  softer  materials^  In  water  not  agitated 
by  waves  an  embankment  of  loose  stones  will  stand  at  a  slope 
ranging  from  that  of  1  to  1  to  that  of  2  to  1 ;  but  where  it  is 
exposed  to  waves,  it  must  be  faced  with  blocks  set  by  hand,  with 
the  aid  of  diving  apparatus,  if  necessary,  the  least  dimension  of 
any  block  in  the  lacing  being  not  less  than  two-thirds  of  the  greatest 
height  of  a  wave  from  trough  to  crest.  Further  remarks  on  this 
will  be  made  in  a  later  chapter. 

A  loose  stone  embankment  may  be  protected  against  waves  and 
currents  by  means  of  wooden  crib-work. 

Hydraulic  concrete  can  be  laid  under  water  simply  by  pouring  it 
into  an  excavation,  or  into  a  space  enclosed  with  a  timber  or  iron 
casing,  the  surface  of  each  layer,  in  deep  water,  being  levelled  and 
smoothed  with  the  aid  of  diving  apparatus.  Begular  masonry, 
whether  consisting  of  stones,  or  of  large  blocks  of  hardened  concrete, 
requires  the  aid  of  diving  apparatus  during  the  whole  process  of 
building. 

For  the  facing  of  sea-works  exposed  to  the  action  of  waves 
in  deep  water,  such  as  breakwaters,  enormous  blocks  of  hydraulic 
concrete  are  sometimes  used,  measuring  from  12  to  27  cubic  yards 
in  volume.  For  the  protection  of  these  against  the  corroding 
action  of  sea-water,  a  method  has  lately  been  introduced  of  coating 
them  all  over,  to  a  thickness  of  about  thi'ee  inches,  with  asphaltic 
concrete,  composed  of  two  parts  of  asphaltic  mastic  (Article  234, 

S.  376)  and  three  of  broken  stone.     (See  a  paper  by  M.  L€on 
Talo,  in  the  Annales  des  Fonts  et  ChatLsaSesy  1861.) 
In  ashlar  masonry  which  is  to  be  exposed  to  very  violent  shocks 
from  the  waves,  such  as  that  of  lighthouses,  the  stones,  besides 
being  fastened  together  by  metal  cramps,  are  sometimes  bonded 

also  by  dove-tailing,  in  the  manner  shown 
in  plan  by  fig.  275,  which  represents  part 
of  a  course  of  a  lighthouse.  This  was  firnt 
practised  by  Smeaton  at  the  Eddystcme 
lighthouse.  Its  chief  use  is  to  resist  the 
tendency  which  the  stones  at  the  face  of  a 
wall  have  to  jump  <nU  immediately  after 
Fig.  275.  receiving  the  blow  of  a  wave.    Stones  of  dif- 

ferent courses  are  sometimes  connected  by 
tahling^  which  consists  in  making  flat  projections  on  the  beds  of 
the  stones  which  fit  into  corresi)onding  recesses  in  the  beds  of 
those  above  and  below  them. 


W 


Addekduu  to  Article  408,  p.  605. — Disc  Pilks  (the  inrentioD  of  Mr.  Brankes) 
have  a  diac  at  the  foot,  and  are  lowered  by  driviog  the  sand  from  bdow  the'diac  by 
means  of  a  stream  of  water. 


PAET  III. 

OF  COMBINED  STRUCTUREa 


CHAPTER  L 

OF  UNES  OF  LAin)-CARRIA.QE. 

Section  I. — Of  Lines  of  Land-Ccvrriage  in  General. 

413.  CteBcral  Ifatare  •f  w«rka. — The  works  which  constitute  a 
line  of  land-carriage  (exclnsive  of  the  buildings  and  machinery  by 
the  aid  of  which  the  traffic  is  carried  on)  may  be  divided  into 
PERMANENT  WAT  and  FORMATION;  the  permanent  way  being  that 
part  of  the  structure  which  directly  bears  the  ti*affic,  and  the  form- 
ation,  the  whole  of  the  rest  of  the  works,  whose  object  is  to  make 
and  preserve  a  suitable  pcLssage  for  the  permanent  way  across  the 
country.  In  a  restricted  sense,  the  ^oxAfornuUion  ovformtTig  is  ap- 
plied to  the  base  or  surface  on  which  the  permanent  way  directly  rests. 

As  the  methods  of  constructing  the  works  which  constitute  the 
FORMATION,  in  the  widest  sense,  have  been  described  in  the  pre- 
ceding part  of  this  treatise,  it  is  only  necessary  in  the  present  chapter 
to  enumerate  them  (referring  to  the  places  where  they  are  described 
in  detail),  and  to  state  the  principles  according  to  which  they  are 
adapted  to  particular  lines  of  conveyance.  They  may  be  thus 
clawed: — 

I.  Eartkworky  consisting  of  cuttings  and  embankments,  to  make 
|)as8age8  through  hills  and  over  valleys  respectively.  (See  Part  II., 
Chapter  IL,  p.  315.) 

XL  Fences. — As  to  temporary  fences,  see  Article  189,  p.  333. 
Permanent  fences  will  be  again  referred  to. 

III.  DrmTis,  which  are  treated  of  in  the  same  chapter  in  their 
relation  to  earthwork.  As  to  the  masonry  of  large  diains,  sco 
Article  297  a,  p.  433. 

IV.  Retaining  TTo/^.— (See  Articles  2^b  to  275,  pp.  401  to  413.) 
Y.  Level  Crossings  of  other  lines  of  communication  will  be  again 

mentioned  further  on. 

VI.  Bridges,  which  may  be  classed  according  to  their  purposes, 
or  aocoiHling  to  their  materials. 


,i 
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The  purpose  of  a  bridge  may 

A.  To  cross  over  or  under  some  existing  line  of  oommtmication, 
which  it  is  either  impracticable  or  inexpedient  to  cross  on  the 
level.  In  this  case  there  are  in  general  certain  minimum  dimensions 
fixed  bj  law  or  by  agreement  for  the  passage  to  be  allowed  for  the 
existing  line,  which  will  be  again  referred  to. 

B.  To  cross  a  valley,  in  which  an  embankment  would  be  im- 
practicable, or  too  expensive,  or  otherwise  inexpedient.  In  tins 
case  the  bridge  is  called  a  viaduct, 

C.  To  cross  a  stream,  river,  estuary,  strait,  or  other  piece  of  water. 
The  principles  to  be  observed  in  this  case,  in  order  that  the  current 
may  not  be  impeded,  nor  the  navigation  (if  any)  injured,  will  be 
referred  to  in  a  subsequent  chapter. 

The  materials  of  a  bridge  may  be — 

a.  Masonry  or  brickwork;  as  to  which,  see  Part  II.,  Ch^ter  IIL, 
p.  349,  and  in  particular,  Section  YIIL,  p.  413. 

b.  Timber;  as  to  which,  see  Part  IL,  Chapter  IV.,  pw  437,  and  in 
particular.  Article  336,  p.  465,  and  Articles  341  to  349,  pp.  465  to 
492. 

c.  Iron;  as  to  which,  see  Part  IL,  Chapter  Y.,  p.  494. 

As  to  the  ordinary  /oundationa  of  bridges,  see  Fart  II.,  Chapter 
III.,  Section  lY.,  p.  377;  and  as  to  the  more  difficult  kinds  of 
foundations,  see  Chapter  YL,  Section  IL,  p.  601. 

YIL  Tunnels;  as  to  which,  see  Part  IL,  Chapter  YL,  Sect^n  L, 
p.  5S8. 

The  PEBMAITEMT  WAT  of  a  line  of  land-carriage  i&  either  a  roady  a 
railway,  or  a  tra/mway;  the  essential  distinctions  being  that  a  road 
presents  a  firm  surface  of  a  certain  breadth,  which  can  be  traversed 
by  vehicla<9  over  all  its  parts  and  in  all  directions;  a  railway 
confines  vehicles  to  certain  definite  tracks,  by  means  of  rails  on 
which  specially  formed  wheels  run;  a  tramuxay  is  intermediate 
between  these,  and  consists  of  fiat  rails  laid  on  a  part  of  the 
surface  of  a  road,  and  so  formed  that  vehidies  with  wheels  suited 
for  an  ordinary  road  can  run  upon  them  when  required. 

414.  Selection  •f  litee  and  JjCTcia. — ^The  selection  of  the  position 
of  a  line  of  conveyance  depends  on  statistical  and,  commercial,  as 
well  as  mechanical  considerations;  but  although  the  former  oome 
frequently  under  the  notice  of  the  engineer,  they  are  foreign  to  the 
proper  subject  of  this  treatise. 

In  a  purely  engineering  point  of  view,  the  object  to  be  aimed  at 
in  laying  out  the  course  of  a  line  of  communication  is  to  convey  the. 
traffic  with  the  least  expenditure  of  motive  power  consistent  with 
due  economy  in  the  construction  of  the  works.  Economy  of  motive 
power  is  promoted  by  low  summit-levels,  fiat  "gradients^  (as  the 
rates  of  declivity  of  lines  of  land-carriage  are  called),  low  summit- 
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levels,  easy  carves,  and  a  direct  line;  but  limitations  to  the  height 
of  summitBy  the  steepness  of  gradients,  and  the  sharpness  of  curves, 
limit  also  the  power  of  adapting  the  line  to  the  inequalities  of  the 
groand,  and  so  economiidng  work& 

The  d&ta  required  by  Uie  engineer  in  order  to  enable  him  to 
select  a  line,  and  the  means  of  obtaining  these  data,  have  been 
stated  in  Part  L,  Chapter  L,  Article  11,  p.  9,  and  further  explained 
in  subsequent  articles  of  that  part;  and  as  regards  borings,  pits, 
and  mines,  in  Part  IL,  Article  187,  p.  331,  and  Articles  391,  392, 
pp.  589  to  595.  The  general  character  of  the  inequalities  of  the 
ground,  or  "  features  of  the  country,"  and  the  modes  of  represent- 
ing them,  have  been  described  in  Part  L,  Articles  58,  59,  60,  pp.  93 

to  9a 

A  pcojected  line  of  communication  may  either  be  limited  to  the 
connection  of  two  points  in  the  same  valley,  or  it  may  have  to  connect 
points  in  two  or  more  valleys,  by  crossing  the  ridges  between  them. 
In  the  former  case,  there  is  no  summit-level  to  cross;  in  the  latter, 
there  may  be  one  or  more  summit-levels.  In  general,  the  best 
point  for  crossing  a  ridge  is  the  lowest  pcute  (see  Article  58,  pp.  94, 
95)  which  occurs  in  the  district  to  be  traversed;  but  cases  may 
arise  in  which  a  higher  pass  is  to  be  preferred  to  a  lower,  because 
of  its  being  more  easily  accessible,  or  because  of  its  offering  greater 
facilities  for  cutting  or  tunnelling.  The  ridge  ought  to  be  crossed 
as  nearly  as  possible  at  right  angles. 

When  a  line  of  communication  has  to  cross  a  great  valley,  the 
following  principles  are  to  be  observed  as  &r  as  practicable : — ^To 
choose  a  narrow  part  of  the  valley;  to  cross  the  deepest  part  of  it 
as  nearly  at  right  angles  as  possible ;  to  find,  if  possible,  firm  ground 
for  the  foundation  of  a  viaduct,  or  of  a  high  embankment. 

The  principle  of  crossing  obstacles  as  nearly  as  possible  at  right 
angles  applies  to  bridges  over  rivers,  and  over  or  under  other  lines 
of  communication.  The  cost  of  a  skew  bridge  increases  nearly  as 
the  square  of  the  secant  of  the  obliquity. 

When  a  line  of  communication  runs  along  one  side  of  a  valley, 
the  obstacles  which  it  has  to  cross  are  chiefly  the  small  branch 
valleys  that  run  into  the  main  valley,  and  the  promontories  or  ends 
of  branch  ridge-lines  that  jut  out  into  the  main  valley  between  the 
branch  valleys.  In  this  case  the  greatest  economy  of  works  is 
attained  by  taking  a  serpentine  course,  concave  towards  the  main 
valley  in  crossing  the  branch  valleys,  and  convex  towards  the  main 
valley  in  going  round  the  promontories,  except  where  narrow  necks 
in  the  promontories  and  narrow  gorges  in  the  branch  valleys 
enable  a  more  direct  course  to  be  taken  with  a  moderate  amount  of 
work. 

In  asc^iding  the  head  of  a  steep  valley  towards  a  high  pass,  it 
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may  be  sometunes  neoessarj  to  take  a  serpentiQe  or  even  a  zig- 
zag course  in  order  to  obtain  a  sufficiently  easj  gradienty  in- 
dependently of  considerations  of  economy  of  work.  In  a  few 
instances  a  projecting  promontory  or  spur  of  a  mountain  has  been 
made  available  for  the  ascent  of  a  line  of  conveyance  to  a  pass,  by 
laying  out  the  line  in  a  spiral  course,  each  coil  of  the  spiral  passing 
first  through  the  promontory  by  a  tunnel,  and  then  winding  round 
<»utside  of  it. 

It  is  obviously  difficult  to  lay  out  a  line  of  conveyance  so  as  at 
once  to  accommodate  the  traffic  which  passes  along  the  lower  part 
of  a  large  and  deep  valley,  and  that  which  passes  over  the  pass  at 
its  head ;  for  in  order  to  reach  the  summit  easily,  the  line  must 
quit  the  lower  part  of  the  valley  at  a  certain  distance  fix>m  the 
pass,  and  ascend  gradually  along  the  sides  of  the  hills,  so  that  in  some 
cases  a  branch  line  may  be  required  for  the  lower  port  of  the  valley. 

In  the  formation  of  all  lines  of  conveyance,  it  is  advisable  to 
avoid  long  reaches  of  level  line  in  cutting,  as  being  difficult  to  drain. 
(See  Article  192,  p.  335.) 

As  to  crossing  a  great  plain,  see  Article  203,  p.  342.  In  this 
case  the  level  of  the  line  of  communication  is  generally  fixed  so  as 
to  be  sufficiently  high  above  the  highest  water-level  of  floods: 

415.  The  BallBg  OnUitoBt  of  a  line  of  communication  means  the 
steepest  rate  of  inclination  which  prevails  generally  on  the  line ; 
being  exceeded  only  on  exceptional  portions,  where  auxiliary 
motive  power  can  he  provided,  or  where  the  loads  to  be  conveyed 
up  the  ascent  are  lighter  than  on  other  portions  of  the  Hne  The 
economy  with  which  the  works  can  be  constructed  depends  mainly 
on  the  steepness  admissible  for  the  ruling  gradient 

Two  things  are  chiefly  to  be  considered  in  fixing  a  ruling 
gradient :  the  motive  power  available  in  ascending,  and  the  avoid- 
ance of  waste  of  power  in  descending. 

Let  W  denote  the  greatest  gross  load  to  be  dragged  up  an  ascent ; 
/,  the  proportion  of  the  resistance  to  the  load  on  a  level; 
»,  the  sine  of  the  angle  of  inclination  of  the  ascent;  then 

(/+  »■)  w, 

is  the  greatest  resistance  to  be  overcome  in  ascending  the  ruHng 
gradient;  and  this  should  not  exceed  the  greatest  tractive  force 
which  the  prime  mover  is  capable  of  exerting.  Let  P  be  that  force; 
then 

(/+ 1)  W  should  not  be  greater  than  P;  or,  in 
other  words,  v      n  \ 

i  should  not  be  greater  than  ^  — /, 


SULDTO  ORADIEZITS— BOADS.  623 

The  fulfilment  of  this  condition  is  essential  Another  condition, 
which  it  is  deairahle  tb  fulfil,  if  possible,  is,  that  no  mechanical 
energy  shall  be  wasted  through  the  necessity  of  using  brakes,  or  of 
backing  the  prime  mover,  in  order  to  prevent  excessive  acceleration 
of  speed  in  descending  the  ruling  giudient;  and  to  fulfil  this  con- 
dition 

t  should  (if  possible),  not  exceed^ (2.) 

The  co-efficient  of  resistance  /  differs  very  much  for  different  sorts 
of  permanent  way.  In  each  case  it  consists  of  two  parts;  one 
arising  from  friction,  and  constant  at  all  speeds,  and  another  arising 
from  vibration,  and  increasing  with  the  velocity ;  so  that  it  may 
have  different  values  in  the  formulae  1  and  2;  that  in  formula  1 
corresponding  to  the  least  speed  of  ascent  consistent  with  the  con- 
venience of  the  traffic,  and  that  in  formula  2  corresponding  to  the 
greatest  speed  of  descent  connistent  with  safety. 

When  the  traffic  is  heavier  in  one  direction  than  in  another,  the 
ruling  gradient  in  the  direction  of  the  ascent  of  the  lighter  traffic 
may  be  the  steeper. 

As  a  general  consequence  of  these  principles,  it  is  obvious  that 
the  less  the  proportion  of  the  resistance  on  a  level  to  the  load,  the 
flatter  must  be  the  ruling  gradient,  and  the  flatter  the  ruling 
gradient  is  the  heavier  are  the  works,  and  the  more  difficult  is  it  to 
lay  out  the  Une.  Such,  for  example,  is  the  case  with  railways,  as 
compared  with  roads.  In  railways  additional  expense  and  difficulty 
are  occasioned  by  the  necessity  of  certain  limitations  as  to  the  sharp- 
ness of  the  curves;  but  these  will  be  ejq>lained  in  Section  IV. 

Sbchok  IL — Of  Roads. 

416.  BcalfllaBce  •€  Teklctcs  aadi  Ballag  Cltadll«aifc — ^The  vehicles 
callable  of  being  used  on  roads  may  be  distingiushed  into  sledges 
and  wheel-carriages.  The  only  cases  in  which  sledges  are  suitable 
vehicles  for  roads  are  those  in  which  the  surface  is  either  too  soft  or 
too  steep  to  admit  of  the  use  of  wheel-carriages  with  safety.  Their 
resistance  on  roads  has  not  been  determined  precisely  by  experiment.  * 

The  resistance  of  wheel-carriages  on  roads  consists  of  a  constant 
part,  and  a  part  increasing  with  the  velocity.  According  to  Gene- 
ral M orin,  its  propoi'tion  to  the  gross  load  is  given  approximately 
by  the  following  formula : — 

/=  {a  +  6  (t,  -  3-28)|.  ^  r; (1.) 

*  The  Rsistanoe  of  an  tron-ahod  dedge  on  hardened  enow  is  stated  by  Koesak  to 
be  aboat  l-80th  of  the  gross  load. 
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vhere  r  is  tbe  raidiiis  of  the  wheels  m  weket,  v  the  velocity  in  feet 
per  second,  and  a  and  b  two  oonstantSy  whose  values  for  carnages 
with  springs  are  as  follows : — 

/for  Wheels  of  18  Inches 
a         b  Radius. 

•=14-67         »=733 
For  good  broken  stone  roads,  '4  to  -55  -025  -038  to  '046  '028  to  "036 


For  payementB, |^f      "»?       '"^^        •«<''»  '""^t 

^  '  (      to      '39       "03  -041  •028. 

For  ca/rriages  wUhoul  springs,  the  constant  6  is  about  3^  times 
greater  than  for  those  with  Bpring& 

The  following  table  is  founded  chiefly  on  experiments  by  Sir 
John  Macneill : — 

/ 

Stone  pavement, i-68th  =  -015 

Broken  stone  road  on  a  firm  foundation,  i-49th  =  '020 
Broken  stone  road  on  a  foundation  of )  .  • 

flinta, I  '-3^*^  =  •°*9 

Gravel  road, i-i5th  =  x>6'j 

Soft  sandy  and  graveUy  ground, i-fth    =  '143 

Telford  estimated  the  average  resistance  of  carriages  on  a 
level  part  of  a  good  broken  stone  road  at  <me4hirtMi  of  the  gross 
load;  and  according  to  the  principle  expressed  in  Article  415, 
equation  2,  he  assigned  1  in  30  as  the  ruling  gradient  which  ought^ 
as  far  as  possible,  to  be  adopted  on  a  turnpike  road. 

If  the  tractive  force  which  a  horse  can  exert  steadily  and  con- 
tinuously at  a  walk  be  estimated  at  120  lbs.,  the  adoption  of  a 
ruling  gradient  of  1  in  30,  the  resistance  on  a  level  being  l-30th 
of  the  load,  insures  that  each  horse  shall  be  able  to  draw  up  the 
steepest  declivity  of  the  road  a  gross  load  of 

120  X  30  ^  2  =  1,500  Iba 

A  horse  can  exert,  for  a  short  time,  an  effort  two  or  three  times 
greater  than  that  which  he  can  keep  up  steadily  during  his  days' 
work;  and  thus  steeper  ascents  for  short  distances  may  be  sur- 
mounted. 

In  the  roads  laid  out  by  Telford,  the  ruling  gradient  of  one  in  30 
is  adhered  to,  wherever  it  is  practicable  to  do  so ;  and  sometimes 
considerable  circuits  are  made  for  that  purpose  Occasionally, 
however,  he  found  it  necessary  to  introduce  steeper  gradients  for  a 
short  distance,  such  as  1  in  20,  or  1  in  15. 

417.  Mjmjimm  Mt  wuU  F«nutttoa  mt  HmkAi  ia 
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w<Hrk8  of  earth  and  masoniy  seldom  occur  on  lines  of  road,  which 
are  often,  throoghoat  the  greater  part  of  their  extent,  made  on  the 
natural  saifiace  of  the  ground.  In  this  case  the  operation  oT  form- 
ing the  road  consists  simplj  in  digging,  in  ground  that  is  level 
acroasy  a  drain  at  each  side  of  the  road,  and  in  ground  that  has  a 
adelong  slope,  a  drain  at  the  uphill  side;  throwing  the  earth 
fzom  the  drains  on  the  track  of  the  intended  road,  so  as  to  raise  it 
slightly  above  the  adjoining  ground,  and  levelling  any  small 
inequalities  that  occur  in  its  course.  According  to  M^Adam,* 
this  is  all  that  is  required  preparatory  to  lajing  the  eovering  or 
''metal"  of  the  road,  even  in  swampy  groimd.  According  to 
otheF  authorities,  it  is  advisable,  in  marshy  ground,  to  pre})are 
a  loimdation  for  the  road  by  means  resembling  those  employed  in 
embanking  over  soft  ground  (Article  204,  p.  342) ;  for  example,  by 
digging  a  trendi  2  or  3  feet  deep,  and  filling  it  with  clean  sand  or 
gravel,  as  a  base  for  the  road;  or  by  spreading  a  layer  of  dried 
peat,  or  of  ^seines,  so  as  to  form  a  sort  of  raft  to  float  on  the 
morass.  When /aseines  are  used  for  this  purpose,  they  will  rapidly 
decay  unless  they  are  constantly  wet.  They  consist  of  bundles  of 
twigs,  20  feet  long,  or  thereabouts,  and  f^m  9  to  12  inches  in 
diameter,  and  are  laid  in  layers  alternately  lengthwise  and  cross- 
wise, and  fastened  with  pegs,  imtil  a  bed  is  formed  about  18  inches 
deep,  over  which  gravel  is  spread. 

418.  Bveadih  mmI  CMWNMcttoa* — For  the  ordinary  breadth  of  the 
carriageway  of  a  turnpike  or  main  road,  about  30  feet  is  a  suf- 
ficient width,  with  5  or  6  feet  additional  for  a  footway  at  one  sida 

For  cross-roads  smaller  widths  are  sufficient^  such  as  20  feet  for 
the  carriageway,  and  5  feet  for  the  footway. 

The  widths  prescribed  by  law  in  Britain  for  those  parts  of  public 
roads  which  are  interfered  with  by  railways  are  as  follows : — 

Turnpike  roads, 35  feet. 

Fnblic  carriage  roads  (not  turnpike), 25    „ 

For  the  widths  of  roadways  in  populous  towns  and  their  neigh- 
bourhood no  general  rule  can  be  laid  down. 

In  some  of  those  cases  in  which  the  traffic  is  greatest,  the  width 
of  carriageway  is  about  50  feet,  with  a  pair  of  footways,  each  from 
10  to  15  feet  wide. 

The  carriageway  should  have  a  slight  rise  or  convexity  in  the 
middle,  in  order  that  water  may  run  off  it  towards  the  sides;  and 
for  that  purpose  from  4  inches  to  6  inches  is  sufficients  This 
convexity  should  be  given  to  the  /orrruUion,  so  that  the  thickness 

*  See  K*Adam  On  MoadB^  ninth  edition,  1827. 

2s 
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of  oovering  may  be  uniform.  The  footways  should  be  neailj  lev«l 
wibh  the  highest  part  or  crown  of  the  carriageway,  and  have  a  very 
slight  slope  towaTCls  the  carriageway. 

For  the  form  of  cross-section  of  the  convexity  of  the  carriage- 
way, Telford  recommends  a  very  flat  ellipse;  but  Mr.  Walker 
prders  two  straight  lines,  connected  by  a  short  curve  at  the  crown. 
He  advises,  also,  that  every  part  of  a  road  should,  as  fiir  as 
practicable,  have  a  slight  declivity  longitudinally,  to  fiunlitate 
drainage. 

419.  itavlaage  mi4  Feaeteg. — The  side-drains,  which  have  already 
been  mentioned,  are  similar  to  those  of  pieces  of  earthwork,  as  to 
which,  see  Articles  190,  193,  202,  pp.  304,  305,  342.  A  depth  of 
2  or  3  feet  is  in  general  sufficient  for  them;  and  when  they  are 
open  ditches,  they  may  be  from  3  to  4  feet  wide  at  the  topi  If 
covered,  they  may  consist  of  earthenware  tubes  of  6  inches  diameter, 
or  thereabouts,  on  an  average,  or  built  culverts  of  about  12  inches 
square.  Roadways  in  towns  are  in  general  drained  into  under- 
ground sewers. 

The  giiUers  or  channds  run  along  each  side  of  the  carriageway, 
and  are  usually  about  3  inches  deep.  They  collect  the  sur&oe- 
water  from  the  road,  and  discharge  it  into  the  side-drains  through 
transverse  tubes,  which  pass  below  the  fences  and  footway. 

Mitre  drains  are  small  underground  tile  drains  or  tubes,  diveiging 
obliquely  from  the  centre  line  of  the  roadway  at  intervals  of  60 
yards  or  thereabouts,  and  leading,  with  a  decHvity  of  about  1  in 
100,  into  the  side-drains. 

In  towns  the  channels  discharge  their  water  into  the  sewer 
through  passages  called  ffttUy-holes,  sometimes  having  horizontal 
openings  covered  by  gratings,  sometimes  vertical  openings  in  the 
curb  of  the  footway.  In  oi-der  to  prevent  the  escape  of  foul  air 
through  them,  they  are  provided  with  siphon  traps,  or  with  valves 
opening  inwards. 

When  a  road  is  drained  by  an  open  ditch,  the  fence  should  be 
between  the  ditch  and  the  road.  The  permanex^^  fences  of  roads 
are  usually  either  hedges  or  walls.  According  to  Telford,  they 
should  not  exceed  5  feet  in  height,  in  order  that  the  sun  and  wind 
may  have  free  access  to  the  road  to  dry  it. 

420.  Brakmi  Stoae  Boads.^ — The  true  principles  of  the  construc- 
tion of  roads  covered  with  broken  stone  were  discovered  by  John 
Loudon  M'Adam,  and  are  fully  described  in  his  work  On  Roads 
already  referred  to. 

The  stone,  or  "  road  metal,''  should  be  hard,  tough,  and  durable. 
(On  these  points,  see  Part  IL,  Section  I.,  pp.  349  to  361.)  The 
best  materials  are  granite  (p.  355)  and  trap-rock,  or  whinstone 
(p.  356).    Hard  compact  limestone  (p.  359)  may  also  be  used,  and 
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goLvel  composed  of  flints  (p.  357);  but  all  flints  sbonld  be  bro 
ioto  angular  pieces,  as  if  for  making  concrete. 

The  atones  are  broken  down  by  means  of  a  hammer  with  a  ste 
&ce,  into  smaller  and  smaller  pieces,  until  at  length  they 
tediM€9ed  to  pieces  roughly  approximating  to  a  cubical  shape, 
iu>t  exceeding  6  ounces  in  weight;  which,  on  an  average,  is 
-wdgliii  of  a  cube  of  stone  of  1*6  inches  in  the  side.  M'A< 
direct&d.  each  road  inspector  to  caiTy  a  small  balance,  so  as  t4 
Able  to  test  the  ^w^eight  of  a  few  stones  from  each  heap.  Anoi 
mode  €>f  testing  that  the  stone  is  broken  small  enough  is  by  m< 
of  a  lyr»s8  ring  2^  inches  in  diameter,  through  which  no  piece  she 
be  too  lai^ge  to  pass. 

Seside   breaking  all  gravel  into  angular  pieces,  it  should 
acreened,  to  dear  it  of  eartL 

Tbe  road  xoetal,  thus  prepared,  is  to  be  evenly  spread  over 
road  ^witb  a  sbovel  and  rake,  in  three  successive  layers  of  betwe< 
aitd  4  inches  deep,  each  layer  being  left  to  be  partly  consolidi 
^Y  traffic  before  another  is  laid ;  and  thus  is  formed  a  firm,  com] 
\w^ti  /^f  flTifliilar  fra^pnents  of  stone  about  10  inches  thick,  whic 
->^^oSto  water,  or  nearly  so,  and  which  soon  acquiresasmc 

/i^rdins  *^   Jtf 'Adam,  10  inches  is  the  greatest  thicknesi 
\^^T^Teaxi^^^     £or    any  road,  from  5  to  9  inches  being  a 
^^*     f^  and    bis  practice  was  to  lay  the  metal  simply  on 
^n^^^^V-    -^^    -v^tb  no  preparation  except  levelling  inequalJ 
^tumL  S^'^^ins,  as  described  in  Article  417,  p.  625. 
and  "*fi^?^   -ijo    tbe  practice  of  Telford,  before  laying  down 
Accoroin^^^^^^  ^^  n  iQ^^^f^g^*  jg  ji^j^j^  consisting  of  piece 

metal,  »  ^f^  no*  necessarily  hard  stone,  measuring  from  4  i 
durable^  ^^^  £]j[xn^^o^*  The  largest  of  those  pieces  are  se 
inches  \^,  ^^^[j-  lasrgest  sides  resting  on  the  formation,  and  betvi 
hand,  with  ^^^ler*  pieces  are  packed,  so  as  to  form  a  compact  L 
these  the  ^?^  cie^P  ^  *^®  centre  of  the  road,  and  4  inches  dee 
about  7  ^^^^  ^^  tli^  convexity  being  made  in  this  manner.  Al 
the  sides,  P^r[^  -ttx^  metal  is  spread  as  already  described. 
^-^^  hottotnxt^S^^^^  x^ad  is  repaired  by  slightly  loosening  the  but 
^w^  ^  brok^^  ®  ajid  spreading  uniformly  over  it  a  layer  of  m^ 
>^^th  ft  pi^^'  __xi»^«  is  first  loosened,  the  new  metal  will  not  bin 


i        Xv7  ^ess  th©  ^^^^  -^.>,     i;he  old  .  The  practice  of  repairing  roads 

/        ^SS^^^^ii^^'<dfitrning,"  is  bad 

/         ^^^^tcbes,  ^^^'^^^•riaJ^^  *^®  traflSc  on  a  broken  stone  road  easier  ^ 

^,^^     jn  ord®^.  *^      IsLy^^  ^^  ^^^  *^^  gravel,  called  "  hlinding^^  is  sc 

"1^^   is  first  lai^*  ^^e^r  i*^  ^^*  ^^  practice  is  a  bad  one,  for  the  i 

^^^Vr^es  spr®**^   ^    ^    tbeir  way  between  the  fragments  of  stone, 

,;^^<^j  grav®^  ^^^  ^civ  formiiig  so  compact  a  mass  as  they  ought  to 

^^^^VeveBt  thear  e^ 
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When  mud  forms  on  the  surface  of  a  road,  it  is  to  be  removed  faj 
scrapings  but  if  the  road  is  well  made  of  good  matenal%  little  of 
that  work  is  required. 

Wheels  of  small  diameter  are  the  most  destructive  to  roads. 

According  to  Telford,  the  load  on  a  broken  stone  roadway  ought 
not  to  exceed  one  ton  on  each  wheel :  the  tire  of  the  wheel,  for  a  load 
of  one  ton,  being  four  inches  broad.  The  limitation  as  to  load 
agrees  with  general  practice ;  but  the  breadth  of  four  inches  for  a 
load  of  one  ton  per  wheel  appears  to  be  only  neceasaiy  for  vehides 
without  springs;  for  those  properly  provided  with  spiiags,  a 
breadth  of  from  2  to  2^  inches  is  sufficient  under  any  load  of 
ordinary  occurrence,  provided  they  are  to  run  on  firm  and  compact 
roadways  only.  On  soft  and  loose  roadways  an  additional  breadth 
of  wheel  prevents  the  resistance  from  being  so  great  as  it  would  be 
with  narrow  wheels.  The  consolidation  of  a  broken  stone  road 
may  be  hastened  by  rolling  it  with  a  cast  iron  roller  weighing  from 
1  to  3  tons  if  drawn  by  horses;  in  France,  steam-rollers  weighing 
10  tons  have  lately  been  introduced.  (See  Atmaleg  deg  Fonts  et 
ChaussSes,  1861.) 

431.  MmM  ynfticifc — The  foundation  of  a  stone  pavement  may 
consist  either  of  a  layer  of  hydraulic  concrete,  or  of  rubble  maaoniy 
set  in  hydraulic  mortar,  from  6  to  9  inches  deep; 

Or  of  three  successive  layers  of  broken  stone  road  metal,  each 
about  4  inches  deep,  consolidated  by  allowing  the  traffic  to  run 
upon  them  for  a  time; 

Or  of  three  well-rammed  layers  of  gravel,  each  4  inches  deep, 
with  a  layer  of  sand  about  1  inch  deep  on  the  top. 

The  best  materials  for  stone  pavements  are  syenite  and  granite, 
the  hardest  that  can  be  found;  and  the  next,  trap  or  "  whinstone." 
Stones  of  a  laminated  structure  are  to  be  avoided  if  possible ;  and 
should  it  be  absolutely  necessary  to  nas  them,  they  are  to  be  set 
with  their  beds  or  lamin»  on  edge. 

Paviug-stones  should  be  roughly  squared,  spedal  care  being  takeai 
that  they  do  not  taper  downwards.  They  are  to  be  set  iu  ragular 
courses,  running  across  the  roadway,  and  breaking  joint  with  each 
other.  In  order  that  the  stones  may  not  tend  to  cant  or  tilt  over, 
their  de])th  in  a  vertical  direction  should  be  somewhat  more  than 
double  their  horizontal  breadth :  for  the  same  reason,  the  length 
should  be  equal  to  the  depth,  or  not  much  greater.  The  dimensions 
usually  adopted  are — 

Breadth  (in  a  direction  along  the  roadway), 4  inches. 

Depth  (in  a  vertical  direction), 9      „ 

Length  (in  a  direction  across  the  )  .        9  to  12 
n^way), I      ^  ** 
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PaTing-stoiieB  are  sometimes  made  to  taper  tlightly  Unwofrdt  Urn 
tcpy  so  that  tiieir  joints  are  dose  below,  and  open  to  the  extent  of 
an  inch  or  thereabouts  above,  the  wedge-formed  spaces  thus  left 
being  filled  with  gravel,  or  chips  of  stone,  imbedded  in  bituminous 
cement.  (Article  234,  p.  376.)  This  gives  a  more*  secure  footing 
to  horses  than  a  close-jointed  pavement. 

Small  pieces  of  granite,  nearly  cubical,  and  measuring  about  4 
inches  each  way,  have  been  used  at  Euston  Square  Station.  They 
rest  on  a  layer  of  sand  1  inch  deep,  and  three  layers  of  gravel  mixed 
with  chalk,  each  4  inches  deep,  and  are  set  as  close  as  possible. 

Plaving-stones  are  rammed  into  their  places  with  a  wooden 
rammer  or  beetle,  weighing  about  65  Iba  A  small  steam-hammer 
has  been  sometimes  used  for  this  purposa 

They  may  be  covered,  when  first  laid,  with  a  blinding  of  sand  and 
fine  gravel,  about  an  inch  or  an  inch  and  a-half  deep,  to  fill  the 
joints  by  d^rees. 

Their  joints  may  be  made  water-tight  by  being  laid  in  cement  or 
hydraulic  mortar;  or  in  iron-tumings,  which  rust,  and  make  a  sort 
of  cement  with  the  sand  and  gravel  of  the  blinding  that  works  its 
way  into  the  joint ;  or  in  a  bituminous  cement,  or  by  being  grouted 
with  hydraulic  lime  in  a  semi-fiuid  state  after  being  laid. 

BubUe  or  BouUkr  Pai^mera  consists  of  stones  of  irregular  shapes 
set  in  a  bed  of  sand  or  gravel  It  causes  great  resLstanoe  to 
vehicles,  is  liable  to  irregular  sinking,  and  requires  frequent  repair. 

The  chief  disadvantage  attending  the  use  of  well-made  stone 
pavement  in  towns  is  its  liability  to  be  disturbed  for  the  purpose  of 
laying  gas  and  water-pipes  and  small  sewera  One  method  of 
obviating  this  is  to  provide  *' dde^renehei"  to  o(»itain  those  under- 
ground works,  being  narrow  excavations  Uned  at  the  sides  with 
brick  walls,  and  situated  under  the  outer  edge  of  the  foot-pavement, 
by  the  flags  of  which  they  are  covered.  The  wall  of  the  side- 
trench  next  the  roadway  is  strengthened  against  the  pressure  of  the 
earth  by  means  of  transverse  widls,  with  openings  in  them  for  the 
passage  of  sewers  and  pipes;  and  between  those  transverse  walls 
the  longitudinal  wall  is  slightly  arched  horizontally,  like  the  retain- 
ing wall  in  fig.  176,  p.  412.  The  other  longitudinal  wall  of  the 
side-trench  forms  the  back  of  a  row  of  cellars  under  the  foot- 
pavement.  The  side  walls  of  the  cellars  are  in  a  line  with  the 
transverse  walls  of  the  side-trench,  and  act  as  buttresses  to  give  it 
stability.  In  an  example  given  in  Mr.  Newlands*s  Report*  for 
1848,  the  side-trench  is  13  feet  deep  from  surface  of  footway  to 
foundation,  2^  feet  wide  inside,  and  has  cross  walls  at  every  7  feet; 
the  brickwork  is  one  brick,  or  9  inches  thick*     It  contains  an  oval 

*  See  Rqpartt  i/tke  Banrngk  Engineer  nflMtrpoU  (Mr.  Jeaei  Newlsode). 
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sewer-pipe  of  27  X  18  inches,  a  10  inch  water-pipe,  and  a  10  imh. 
gas-pipe.  Sewers  which  are  huqge  enough  to  be  travened  by  m^i 
may  be  repaired  by  getting  access  to  them  through  subterranean 
passages  l«uiing  into  them  from  trap-doors  in  the  foot-pavement. 

Another  method  of  obviating  the  necessity  for  raising  the  pave- 
ment of  the  carriageway  is  to  have  a  "  m^-tray  "  or  tunnel  under 
the  street,  containing  the  sewer  and  the  gas  and  water^pipesL 
This  method  has  hitherto  been  tried  for  short  distances  only. 

422.  Wm^twmrm  mt  mmmu. — ^The  dimensions  and  figure  of  footways 
have  been  treated  of  in  Article  418,  p.  625.  In  country  roads  the 
principles  of  their  construction  are  the  same  with  those  of  a  broken 
stone  road,  except  that  smaller  and  less  hard  materials  are  uaed^ 
such  as  gravel,  engine  ashes,  slag  broken  small,  fragments  of  burnt 
clay,  ice ;  and  that  from  24  to  4  inches  is  a  sufficient  thickness^ 
The  footway  should  have  a  declivity  of  about  2  inches  towards  the 
channel,  its  lowest  edge  being  not  more  than  9  inches  above  the 
bottom  of  the  channel^  and  its  side  towards  the  channel  being 
formed  either  by  a  slope  of  from  1  to  1  to  1^  to  1,  or  by  a  curb- 
stone  set  on  edge,  from  4  to  6  inches  thick.  To  consolidate  foot- 
ways, a  cast  iron  roller  may  be  used,  weighing  from  -^  to  ^  a  ton. 

In  streets  the  footways  have  a  foundation  of  concrete,  broken 
stone,  gravel,  or  sand,  and  are  covered  with  flagstones,  usually  from 
1^  to  4  inches  thick,  being  thinnest  for  the  strongest  material 
The  best  materials  are  those  which  are  hardest,  toughest,  and  least 
pervious  to  water,  such  as  hornblende  slate,  the  harder  kinds  of 
clay  slate,  and  gneiss;  strong  sandstone  and  compact  limestone 
rank  after  these;  soft,  brittle,  and  porous  stones  are  unsuitable. 

423.  BiiBByBMis  «r  A»»fcMltic  PsTvaMau  consist  of  a  thin  layer 
of  what  has  been  described  in  Article  234,  p.  376,  as  *'  Bituminous 
Concrete,'*  laid  on  a  foundation  of  broken  stone.  The  formation  of 
the  roadway  has  a  convexity  of  1-lOOth  of  the  breadth. 

The  foundation  consists  of  road  metal,  as  described  in  Article 
420,  p.  626,  laid  in  a  layer  of  4  inches  deep  for  the  carriageway, 
and  2  inches  deep  for  the  footway,  and  consolidated  with  a  nunmer 
of  55  or  56  lbs.  weight,  or  with  a  cast  iron  roller. 

The  covering,  which  is  about  1^  inch  thick  for  a  carriageway,  and 
j  inch  thick  for  a  footway,  consists  of  a  mixture  of  road  xneteA  or 
gravel  and  "  bituminous  mortar."  The  proportions  of  its  ingre- 
dients have  been  given  in  Article  234,  p.  376.  The  order  in  which 
they  are  to  be  combined  is  the  following: — Having  melted  the 
bitumen,  add  the  asphalt  broken  small,  then  the  resin  oil,  then  the 
sand,  and  lastly  the  broken  stone.  To  test  the  composition,  a 
specimen  of  it  is  cooled  in  water  to  the  temperature  of  about  80°; 
a  piece  of  plank,  having  two  four-sided  pyramidal  points  of  iron  on 
the  under  side,  is  laid  with  one  point  resting  on  a  formerly-tried 
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standard  mnple^  and  the  other  on  the  nev  sample;  a  man  stands 
on  the  middle  of  the  plank,  when  the  impressions  on  the  standard 
sample  and  new  sample  should  be  of  equal  depth.  That  depth 
^ould  be  about  3-lOths  of  an  inch  for  carriageways  and  2-lOths 
for  footways,  the  latter  requiring  the  stronger  material.  Should  it 
prove  too  hard,  bitumen  and  resin  oil  are  to  be  added  j  should  it 
prove  too  soft,  asphalt  and  sand.  The  ooyering  is  laid  on  the  road- 
way in  the  hot  state,  in  rectangular  sections;  its  surface  is  sprinkled 
with  sand,  and  the  surplus  sand  swept  off,  and  it  is  then  left 
to  cooL  No  arti£cial  asphalt  is  equal  to  natural  asphalt  for  making 
roads. 

To  make  bituminous  roadways  cold,  asphalt  is  to  be  broken  as 
for  road  metal,  spread  about  2  inches  deep,  wet  all  over  with  coal- 
tar,  and  rammed  with  a  56  lb.  beetle. 

To  repair  the  surface  of  a  bituminous  roadway,  dissolye  one  part 
of  bitumen  in  three  of  pitch  oil  or  resin  oil;  spread  10  ounces  of 
the  mixed  oil  over  each  square  yard  of  roadway,  and  sprinkle  on  it 
2  lbs.  of  asphalt  in  powder;  then  sprinkle  the  surface  with  sand, 
and  sweep  away  the  loose  sand. 

€rood  bituminous  pavements  under  constant  traffic  should  wear 
at  the  rate  of  about  l-40th  of  an  inch  a-year. 

424.  Pkudt  lUmdm  are  useful  in  newly  settled  countries  in  which 
timber  is  abundant 

The  /ormcUion  of  a  plank  road  is  made  by  digging  two  parallel 
ditches  about  16  feet  clear  apart,  and  throwing  the  earth  dug  out 
on  the  space  between,  so  as  to  raise  it  slightly.  One-half  of  the 
track  thus  formed — that  is  to  say,  a  breadth  of  8  feet — is  left  with  an 
earthen  surface,  sloping  towards  the  nearest  ditch  with  a  fall  of  6 
inches.  On  the  other  half,  the  planked  covering,  also  8  feet  broad, 
is  made  in  the  foUowing  manner : — Imbedded  in  the  ground  are 
two  parallel  lines  of  longitudinal  wooden  sleepers,  4^  feet  apart 
from  centre  to  centre.  Each  sleeper  is  from  10  to  20  feet  long,  12 
inches  broad,  and  4  inches  deep,  or  thereabouts;  under  the  joints 
of  those  sleepers  are  laid  short  connecting  sleepers,  of  the  same 
scantling  and  3  feet  long.  The  earth  is  well  rammed  between  and 
beside  de  sleepers,  until  it  is  flush  with  their  upper  sides,  across 
which  are  laid  the  planks,  8  feet  long  and  3  inches  thick.  The 
edge  of  the  planking  next  the  earthen  division  of  the  roadway 
should  not  be  straight  and  smooth,  but  should  have  alternate  pro- 
jections and  recesses  of  about  3  feet  long  and  3  inches  deep,  to  give  a 
hold  for  carriage  wheels,  so  that  they  may  easily  be  drawn  on  to  the 
planking  from  the  soft  part  of  the  road.  The  planked  part  of  the 
roadway  is  broad  enough  for  one  carriage  only;  and  when  two 
carriages  meet  or  pass  each  other,  the  lighter  must  make  way 
for  the  heavier  by  moving  to  the  earthen  division  of  the  road 
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425.  WmmMftm  Paw— t  consist  of  priBmatic  blocks  of  wood,  rec- 
tangular or  hexagonal,  and  about  6  inches  deep,  set  with  the  fibres 
vertical,  upon  a  firm  foundation  of  broken  stone.  It  was  at  one 
time  much  used  in  Britain,  especially  in  London,  but  was 
abandoned  on  account  of  its  slippery  sur&ce  and  rapid  decay. 

425  A.  Cmm  bMi  WmwtmttiMm  made  of  plates  have  been  tried,  but 
have  proved  very  dangerous  to  horses.  A  pavement  consistiDg  of 
hexagonal  cast  iron  cells  filled  with  gravel  is  now  under  tdaL 


SfiOliON  III. — 0/ Tramways, 

426.  SIMM  TnuMwsjrs. — The  best  kind  of  stone  tramway  consista 
of  a  pair  of  parallel  ranges  of  oblong  blocks  of  granite,  about  4^  feet 
apart  from  centre  to  centre,  with  their  upper  sur&ces  forming  part 
of  the  surface  of  a  road,  each  block  being  from  2  to  4  feet  long, 
about  10  or  12  inches  broad,  and  of  the  same  depth  with  the  rest  of 
the  covering  of  the  roadway.  The  upper  surfaces  of  these  stone 
tram-rails  are  slightly  hollowed  towards  the  middle  of  their  breadth, 
to  the  depth  of  half  an  inch,  or  thereabouts,  in  order  that  carriage* 
wheels  may  tend  to  remain  on  them. 

427.  Ewm  Traaiw«7ii»  ss  formerly  made,  consisted  of  flat  bars  of 
iron  for  the  wheels  of  carriages  to  run  upon,  with  a  rising  ledge  or 
flange  at  one  side,  to  prevent  the  wheels  from  leaving  the 
track.  The  iron  tramways  now  in  most  common  use  are 
those  which,  like  the  stone  tramways  of  the  last  article,  form 
part  of  the  surface  of  a  road  or  street.  The  tram-rails  used  for 
this  purpose  are  oblong  plates  of  cast  iron,  3  or  4  feet  long; 
they  are  usually  7  or  8  inches  broad,  and  about  1^  inch  thick; 
they  are  slightly  concave  towaitLs  the  middle  of  their  breadth,  like 
stone  tram-rails;  and  at  each  joint  the  ends  of  two  adjoining  plates 
rest  on  a  square  plate  of  cast  iron  of  the  same  thickness.  A  com- 
bination of  the  tram-rail  and  edge  rail,  lately  introduced,  will  be 
mentioned  further  on. 


Section  IV. — Of  RaUtoays, 


428.  The  BcalMUMe  •f  TcMdM  •■  •  Xierel  is  here  oonsdered  in 
so  far  only  as  it  aflects  the  ruling  gradient.  The  resistance  to  the 
motion  of  a  loaded  carriage  on  a  level  railway  is  nearly  proportional 
to  the  gross  load,  and  its  proportion  to  that  load  may  be  expressed 
either  as  a  fraction,  or  as  a  certain  number  of  lb&  per  ton,  the  latter 
being  a  common  mode  of  expressing  it  for  practical  purposesL 

Lety  be  the  proportion  of  the  resistance  on  a  level  to  the  gross 
load,  expressed  sa  a  fraction;  then 
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resistance  in  lbs.  per  ton  =  2,240/ (1.) 

It  is  true  that  the  part  of  the  resistance  which  is  dne  to  the  dis- 
placement and  friction  of  the  air  must  depend,  not  on  the  load,  but 
on  the  dimensions  and  figures  of  the  vehicles;  but  our  experimental 
kiKiwledge  of  the  laws  of  the  resistance  of  the  air  to  bodies  so  large 
as  ndlwaj  carriages  is  scarcely  sufficient  to  enable  u^to  calculate 
that  resistance  separately  with  such  precision  as  to  make  the  result 
of  the  computation  practically  useful* 

The  co-eificient  of  resistance  on  a  level,  f,  consists  of  two  parts; 
one  representing  the  effect  of  friction,  which  is  independent  of  the 
speed ;  the  other  representing  the  effect  of  concussion  and  of  the  resist- 
anoe  of  the  air,  which  increases  with  the  speed.  The  law  according 
to  which  the  latter  part  of  the  co-efficient  of  resistance  increases  is 
still  uncertain,  owing  to  the  irregularities  of  the  results  of  ex^ 
periment.  According  to  one  formula  (founded  on  experiments  bj 
Mr.  Gooch),  it  is  insensible  up  to  a  speed  of  about  10  miles  an  hour, 
and  then  increases  nearly  in  the  simple  ratio  of  the  excess  of  the 
speed  above  that  limit  According  to  another  formula  (that  of  Mr. 
D.  K.  Clark),  it  is  nearly  proportional  to  the  square  of  the  speed ; 
and  both  those  formulae  agree,  in  a  rough  way,  with  experiment. 

The  following  are  the  formula  in  question,  in  each  of  which  Y 
denotes  the  velocity  in  miles  an  hour : — 

Co-efficient  of  resistance, /=:  -00268  fl  +  — ^^ — );  (2.) 

Besistance  in  lbs.  per  ton,  2,240/=  6  (iH i^);  (2  a.) 

Co-efficient  of  re8istance,/=  -00268  (l  +  rjjo)^"^^) 


*  The  following  an  two  alternative  fonnuliB  by  the  late  Mr.  Wjndham  Harding 
and  Mr.  Scott  Ruaeell,  in  which  separate  ezpreesiona  are  given  for  the  resistance  of  the 
air.  In  the  first  formnla  that  resistance  is  assumed  to  bis  proportional  to  the  aiea  of 
lioDt«ge  of  the  train;  in  the  seoond,  to  its  volume. 

T  denotes  the  weight  of  the  train,  w  Urns. 
y,  its  velocity,  in  miles  an  hour. 

A,  its  area  of  frontage,  in  square  feet 

B,  its  volume,  in  cubic  feet;  then 

resistance  in  lba.=:(  6+ Y)t+I!^;  or 

V«B 


=  («  +  i^)t  + 


16^       '    60,000 
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Eeaiataiioe  in  lbs.  per  ton,  2,240  /=  6  +  -^j^.    (3  a.) 

Oarriagetf  have  been  made  and  used  in  which  the  co-efficient  of 
resistance  was  as  small  as  '002,  or  about  4^  lbs.  per  ton,  at 
velocities  not  exceeding  12  miles  an  hour,  the  resistance  being 
wniubly  constant  at  8uch  velocities.* 

The  formulae  2,  2  a,  3,  3  a,  are  applicable  to  good  railway  carriages 
with  springs,  in  trains  drawn  by  an  engine  at  an  uniform  speed  on  a 
well-made  line,  in  good  repair,  with  easy  curves,  and  in  mioderately 
calm  weather;  the  experiments  on  which  they  are  founded  having 
been  made  under  those  circumstances,  and  the  resistance  detennined 
by  means  of  a  dynamometer  between  the  engine  and  the  train. 

Another  mode  of  determining  the  resistance  of  a  carriage  on  a 
railway  is  to  start  it  off  at  a  considerable  speed,  and  allow  it  to 
come  gradually  to  rest  by  its  own  resistance ;  but  in  this  mode  of  ex> 
perimenting,  although  the  friction  is  the  same  as  in  the  other  mode, 
the  resistance  arising  from  concussion  is  considerably  less,  because 
much  of  the  vibration  originates  with  the  engine  f 

The  absence  of  springs  augments  that  part  of  the  resistance 
which  increases  with  the  velocity;  but  wagons  without  springs  sre 
used  only  at  very  low  speeda^ 

The  following  are  some  examples  of  resistances  per  ton  at  dxf 
ferent  speeds,  calculated  by  the  two  formulsB  respectively : — 

Speed  in  miles  an  hour,  y=      lo        15         20         30        40         50        60 

/by  equation  2, X)0268  "00335  XX1402  •00536  X)o670  'O0804  'O093S 

2,240/by  eqaation  2  A,....        ^         7i  9  12         15  18         21 

/by  equation  3, x»287  "00310  '00342  "00435  ^00565  X)0733  X)093S 

2,240/by  equations  A,....     6*4       6-9         77        97       127       16*4       21 

Mr.  D.  K.  Clark  considers  that  his  experiments  indicate  that 
the  resistance  on  a  level,  given  by  equations  3,  3  a,  is  liable  to  be 

*  See  Rankine  On  Cylindrical  Wheeb  on  RaUwayt;  also  Wood  On  RaHnadt, 
t  To  ascertain  the  r^tance  of  a  vehicle  by  experiments  on  its  gradual  retardatios, 
stones  or  other  marks  are  to  be  dropped  from  the  carriage  at  equal  intorals  of  time 
(say  of  t  seconds  each),  and  the  distances  between  those  suooessive  mailEB  OMasnrad. 

Let  xi,  2],  X3,  074,  &C.,  be  those  distances  in  feet  Then  the  velodties  at  the 
end  of 

r,  2  <«  3  (|  &C.,  seconds,  are  nearly, 

r,  =  ?L±!^  r,==  ^il^»,  «,  ==  ^±5*.  4a,  in  6et  p«  «o»ii 

Let  9«  and  v*  + 1  denote  the  velocities  at  the  end  of  n  t  and  (ft  -|~  ^)  ^  seooods 
respectively.    Then  the  oo-efSdent  of  resistance  at  the  end  of  ft  <  seconds  is  nearly, 

/=  |(c.— r,+  i)-^  82-2}  :q=i  according  as  the  gradient  is  |JJJJJ2^ 
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exceeded  in  the  following  proportionBy  from  yarious  occasioDal 
causes: — 

From  a  road  ill  laid,  or  in  bad  repair^ 40  per  cent. 

From  resistance  on  curves, 30 

From  strong  aide  winds, ao        „ 

Total, 80        „ 

It  may  be  held,  however,  that  all  those  cansoB  of  increased  resist- 
ance are  seldom  combined  at  one  time  and  place;  and  that  50  per 
cent,  is  a  liberal  allowance  for  oovitingemt  reHaUmcea, 

The  friction  of  good  ordinaiy  mineral  wagons,  at  low  speeds, 
msLj  be  estimated  as  ranging  from 

8  lbs.  per  ton,  or  '00353 
to  10  lbs.  per  ton,  or  '00446 

and  as  being  on  an  average  abont 

9  lbs.  per  ton,  or  '00402,  or  i-25oth  nearly. 


429.  Fifrti—  ttf  CtoMi  to  If «c  li— J. — In  the  following  state- 
ment the  ordinary  proportions  of  the  weight  of  goods  and  mineral 
wagons  to  the  loads  which  they  carry  are  given  on  the  authority  of 
Mr.  D.  £L  Clark;  and  from  those^  proportions  are  deduced  the 
proportions  of  gross  to  net  load  in  goods  and  mineral  trains : — 

Wagon         Gross  Load 
•^  Net  Load.    -^  Net  Load. 

Well  made  open  wagons, 4  i-, 

Well  made  covered  wagons, |  i^ 

Climisy  wagons, i  2 

In  computing  the  gross  load  to  be  drawn  behind  a  locomotive 
engine  which  has  a  tender,  the  weight  of  the  tender  (from  10  to  15 
tons)  is  to  be  added  to  that  of  the  wagons  and  their  load. 

Passengers  without  luggage  may  be  estimated  at  about  15  or  16 
to  the  ton,  and  with  lugfflige,  about  10  to  the  ton  (but  this  last  is 
an  uncertain  estimate),  in  a  passenger  train  the  gross  load  may 
be  roughly  estimated  at  about  three  times  the  net  load,  with 
carriages  suited  for  locomotive  railways  and  high  speeds,  weighing 
when  empty  5  or  6  tons  for  a  carriage  capable  of  carrying  20  or  30 
passengers.  In  light  carriages  on  horse-worked  railways  the  gross 
load  needs  not  exceed  double  the  net  load 

430.  The  Tvacttve  Vwce  which  the  prime  movers  on  railways 
exert  will  hero  be  considered  so  far  as  it  is  connected  with  the 
question  of  gradients.    The  prime  movers  commonly  employed  on 
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railways  are,  gravity,  horses,  fixed  steam  engines,  and  locomotiTe 
steam  engines.  The  strength  of  men  and  the  force  of  t^e  innd 
have  also  been  employed,  but  in  isolated  experiments  only. 

I.  Gravity  either  assists  or  opposes  the  other  kinds  of  motive 
power  on  all  inclined  parts  of  a  railway.  It  may  act  as  the 
sole  motive  power  on  a  descending  gradient  that  is  sufficiently 
steep. 

The  only  case  in  which  gravity  acts  as  a  tractive  force  on  a  rail- 
way is  that  of  a  " seLf-Oicbing  inclined  jilane"  on  which  a  train  of 
loaded  wagons  descending  draws  up  a  train  of  empty  wagons. 
Let  t  be  the  sine  of  the  inclination  of  the  plane, /the  co-efficient  of 
resistance  of  the  wagons,  T  the  weight  of  a  train  of  empty  wagons^ 
W  the  net  load  of  a  train.  Then  the  available  tractive  force  at  an 
uniform  speed  is 

(»-/)(T  +  W> 

The  rope,  according  to  present  practice,  is  of  iron  wire,  and  usually 
endless,  and  lies  on  a  series  of  sheaves  or  puUies  7  yards  apart.  Tho 
weight  of  each  sheave  is  between  20  and  30  lbs. ;  the  weight  of  the 
rope  (allowing  6  as  the  factor  of  safety)  i>erfoot  ofiU  length  should  be 
1-4  500th  of  the  greatest  working  tension.  Let  H  be  the  weight  of 
the  rope  and  puUies ;  their  total  resistance  is  usually  estimated  at 
about  l-20th  of  their  weight,  and  the  resistance  ixf  the  train  of 
empty  wagons  is  (t  +/)  T.  In  order  that  the  tractive  force  may 
simply  balance  the  resistances,  we  must  have 

(t  -/)  (T  +  W)  =  ^  +  (»  +/)  T; (1.) 

and  the  inclined  plane  will  not  work  unless  the  inclination  is 
steeper  than  that  given  by  solving  the  above  equation;  that  is  to 
say, 

t  must  be  greater  than  |  -^.  +/(W  +  2  T)  |  -5.  W....(2.) 

Assume/=  -004,  T  =  W  -5.  2;  then 

i  must  be  greater  than  \  -srr^  +  '0^8  > {2  a.) 

The  excess  of  steepness  above  this  limit  causes  an  excess  of 
tractive  foi*ce  above  resistance,  which  produces  accelerated  motion. 
The  acceleration  may  be  allowed  to  go  on  so  long  as  the  velocity 
does  not  exceed  a  safe  limit;  so  soon  as  that  limit  has  been  attained, 
the  surplus  tractive  force  must  be  counteracted  by  the  use  of  iht 
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brake,   so  that  the  tractiye  force  and  increased  resiBtance  may 
exactly  balance  each  other,  and  the  velodtj  become  uniform.* 

II.  Horses, — An  animal  produces  its  greatest  day's  work  when 
working  for  eight  hours  per  day,  and  with  a  certain  definite  speed 
and  tractive  foix^ 

Let  P^  denote  the  tractive  force  corresponding  to  the  greatest 

day's  work; 
P,  any  other  tractive  force ; 

Vj,  the  speed  corresponding  to  the  greatest  day's  work ; 
V,  any  other  speed ; 
T,  the  time,  in  hours  per  day,  during  which  the  exertion  is 

kept  up. 

Then  the  following  formula  is  approximately  true,  for  efforts  and 
speeds  not  greatly  differing  from  P.  and  Yp  and  for  times  not 
greatly  exceeding  eight  hours  per  day  :— 

p        V       T 

F,  +  ^+J  =  3    •• (^•) 

For  a  good  average  draught  horse  the  following  data  are  nearly 
correct: — 

P  =  120  Iba 

Y^  =  3*6  feet  pw  second,  or  about  2^  miles  an  hour. 

For  a  high-bred  horse  of  average  strength  and  activity  it  is 
difficult  to  assign  the  values  of  P^  and  Y^,  for  want  of  sufficient 
data.  The  following  values  agree  in  a  general  way  with  some  of 
the  results  of  experience  in  the  traction  of  stage  coaches  and  of 
light  railway  carriages  :— 


*  It  is  addom  necnsary  to  enter  into  detafled  calcnittions  as  to  the  efibct  of 
teoeleration  on  a  self-acting  inclined  plane.  It  may  sometimes,  however,  ht  desirable 
to  do  00,  wltere  the  declivity  is  so  slight  that  there  is  a  donbt  whether  the  velocity 
attained  will  be  sufficiently  great  to  enable  a  pair  of  trains  to  travexse  the  indincU 
plane  without  inconvenient  delay. 

To  find  the  time  occapied  in  traverring  the  plane  unimpeded,  let  M  denote  the 
total  weight  of  the  rope  and  sheaves,  and  of  both  trains,  together  with  one-lialf  of  the 
weight  of  the  pullies.  Let  F  denote  tlie  arcest  of  the  tractive  force  above  the 
fesistanfp.     Let  L  be  the  length  of  the  plane;  t)ien 

time  in  seconds  ^  \/  nearly. 

The  mean  velocity  nay  of  oomve  be  fbnnd  by  dividing  L  by  tiiia  tioM;  an'l 
tbe  greatest  velocity  acqoired  is  doable  of  the  mean  velocity. 
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R  =  64  lbs. 

v^  =  7*2  feet  per  seoond,  or  about  5  miles  aa  hour. 

The  following  are  examples : — 

T,  hours  per  day, 4      4      4       i       i       i       i 

Y,  miles  an  hour, 5      7^  10      5      7|  10     12^ 

P,  tractive  force,  ss  64  ^ 

A       T      '^^        r    9^    ^^    33  120    88    56     24 
V^"8~5>-) 

It  maj  be  observed  that  the  preceding  data  and  calculations 
have  reference  to  average  speeds,  and  that  the  horse  may  occasion- 
allj  be  required  to  exert  from  once  and  a-half  to  double  the  efibrts 
above  stated,  provided  that  he  is  allowed  to  slacken  his  speed 
during  the  increased  effort,  and  that  the  additional  exertion  is 
kept  up  for  a  short  time  only. 

III.  Fixed  Steam  EngvMS  are  employed  for  the  most  part  on 
short  distances,  where  the  speed  is  moderate  and  the  inclination 
steep.  Their  power  is  usually  applied  to  an  endless  rope  running 
on  sheaves,  like  that  of  a  self-acting  inclined  plane  (p.  636).  The 
steam  engine  is  placed  at  the  top  of  the  ascent,  and  drives  a 
large  horizontal  cast  iron  pully,  from  5  to  10  feet  in  diameter, 
having  three  or  four  grooves  in  its  rim.  This  is  called  the  driMjing 
puUy.  At  a  short  distance  in  front  of  that  pully  (that  is,  in  the 
down-hiU  direction)  Ib  a  pully  one  or  two  feet  snudler  in  diameter, 
and  with  one  groove  fewer  in  its  rim.  This  is  called  the  spraining 
pully:  it  rests  on  a  small  four-wheeled  truck,  and  is  pulled  away 
from  the  driving  pully  by  a  chain  and  weight,  the  weight  being 
sufficient  to  give  the  requisite  tension  to  the  rope,  which  is  carried 
round  the  grooves  of  the  two  pullies.  At  the  foot  of  the  inclined 
plane  the  rope  passes  round  a  third  horizontal  pully,  as  large  as 
the  driving  pully. 

The  engine  works  to  the  best  advantage,  and  the  rope  is  least 
strained,  when  one  train  is  ascending  and  another  descending  at  the 
same  time. 

The  matest  tension  on  the  rope  is  found  as  follows : — 

Let  r  denote  the  greatest  tractive  force  required  to  overcome 
gravity,  and  the  friction  of  the  train,  rope,  and  sheaves,  calcu- 
kted  as  in  p.  636.  About  one-third  of  this  will  be  the  tension 
required  at  the  descending  side  of  the  rope,  to  give  sufficient 
^'bite**  or  adhesion  between  it  and  the  driving  pully,  so  that 
the  greatest  working  tension  at  the  ascending  side  of  the  rope 
will  be  about 
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1-33  P;* (4.) 

aod  its  weight  per  foot,  if  it  is  made  of  strong  charcoal  iron  wire, 
^should  be  l-4500th  of  this.  The  pull  upon  the  axis  of  the  straining 
*piilly  should  be  about 

2-74  P.» (5.) 

To  find  the  indicated  hoirse-power  of  the  engine,  let  v  be  the 
velocity  of  the  rope  in  feet  per  second  (=  velocity  in  miles  an  hour 
X  1-466);  then 

1-25  Tv      Tv  ,^. 

''^'^' 550-  =440' <^-> 

the  multiplier  1*25  being  introduced  on  the  supposition  that  the 
friction  of  the  steam  engine  wastes  one-fifth  of  the  indicated 
power. 

Another  mode  of  transmitting  the  power  of  the  fixed  engine  to 
the  train  is  to  employ  the  engine,  by  means  of  pumps  or  of  a  fan,  to 
exhaust  the  air  from  a  tube,  along  which  a  piston  is  propelled 
towards  the  engine-station,  by  the  excess  of  the  atmospheric  pressure 
behind  it  above  the  diminished  pressure  in  front  of  it.  For  details 
as  to  this  mode  of  propulsion,  see  Froceedi7ig9  of  the  InsHttiUon  of 
Ciml  EngmetTB  for  1844.  It  was  practised  for  some  years  on  some 
short  lines  of  railway,  the  tube  being  about  15  inches  in  diameter, 
bat  WHS  eventually  given  up  in  favour  of  locomotive  engines.  Its 
use  has  of  late  been  revived  for  the  purpose  of  conveying  parcels 
through  tubes. 

rV.  Locomotive  Engines. — ^The  tractive  force  of  alocomotive  engme 
is  in  general  limited,  not  by  the  power  which  the  engine  is  capable 
of  exerting — for  that  is  almost  always  more  than  sufficient  to  draw 
any  load  that  it  ever  has  to  convey — but  by  the  ''  cuikesiony*  as  it  is 
called,  or  force  which  prevents  the  driving  wheels  from  slipping  on 
the  rail& 

The  adhesion  is  equal  to  the  weight  which  rests  on  the  driving 
wheels,  multiplied  by  a  co-efficient  which  depends  on  the  condition 
of  the  sur&ce  of  the  rails;  being  greatest  when  they  are  clean  and 
diy,  and  least  when  they  are  wet  and  greasy,  or  covered  with  ice. 

*  Thege  ctlcoUtlons  an  made  on  the  supposition  that  the  oo-efficient  of  friction 
between  the  wire  rope  and  the  driving  pnlly  is  '16,  that  there  are  tliree  grooves  in  the 
driving  pullj,  and  that  the  tension  is  made  jnst  sufficient  to  prevent  slipping.  In 
praetioe^  howwer,  it  is  not  uncommon  to  strain  the  rope  tiU  the  tension  at  the  descend- 
iog  aide  is  equal  to  the  tractive  force;  and  in  that  case 

greatest  ten^n  at  the  ascending  side  =  2  P; 
pan  on  the  axis  of  the  straining  pully  =  5*7  P. 
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On  an  average^  the  adhesion  of  a  loooinotive  engine  maj  be 
estimated  at  about  one-seventh  of  the  load  on  the  driving  wheels ; 
for  bj  sprinkling  sand  on  the  rails  when  thej  are  slimj^  or  ii  ihey 
are  icy,  directing  jets  of  steam  on  them,  it  may  in  general  be 
prevented  from  falling  below  tliat  amount. 

In  order  that  the  rails  may  be  able  to  bear  the  load  on  the 
driving  wheels  without  damage,  it  is  considered  advisable  that  die 
load  <m  tach  tohed  should  not  in  ordinary  cases  exceed  5  tons  = 
11,200  lbs.  According  to  this  rule  the  limits  of  load  on  the 
driving  wheels,  and  of  tractive  force,  are 

Load  an  DrlTiog  Wheels  Adbeakm. 

(1.)  For  engines  with  one  pair  of  driving  wheels, iotons=22,400      3,200 

(2.)  f,  two  pairs  of  driving  wheels,  coapled,  20     „     44)Soo      6,400 

(3.)  „  three  pairs  of  driving  wheels,  coupled,  30     „     67,200      9,600 

(4.)  „  four  pairs  of  driving  wheels,  coupled,  40     „     89,600    i2,Soo 

Locomotive  engines  are  seldom  made  with  fewer  than  six  wheels. 
Those  which  are  intended  for  the  propulsion  of  comparatiTely  light 
trains  at  high  speeds  have  but  one  pair  of  driving  wheels  of  ^m 
5^  to  7  feet,  and  sometimes,  on  the  broad  gauge,  8  feet  in  diameter. 
The  best  position  for  the  shaft  of  that  pair  of  wheels  is  neujy 
under  the  centre  of  gravity  of  the  engine,  in  which  case,  by  proper 
adjustment  of  the  springs,  it  can  be  made  to  bear  any  proportion  of 
the  weight  from  ^  to  A.  In  Mr.  Crampton's  form  of  engine, 
however,  that  shaft  is  placed  altogether  behind  the  boiler  of  the 
engine,  in  order  to  obtain  a  large  diameter  of  wheel  along  with  a 
low  centre  of  gravity.  Engines  for  goods  trains  of  moderate 
weight  have  also  usually  six  wheels,  two  pairs  of  which  are  driving 
wheels,  of  5  feet  diameter,  and  are  coupled  together.  For  heavier 
goods  and  mineral  trains  engines  are  used  having  all  six  wheels 
coupled,  and  usually  of  smaller  diameter,  such  as  4^  or  4  feet,  and 
in  some  cases  of  engines  for  ascending  steep  inclined  planes,  3^  or 
3  feet.  According  to  Mr.  D.  EL  Clark,  the  usual  weights  of 
locomotive  engines  are  as  follows.    (See  also  Addenda,  p.  xvL) 

Engines  wtth  separate  Tenders. 

(7%a  Tender  toeighsfrom  10  to  15  font.)  Tom. 

Narrow  gauge  passenger  locomotives,  six-  \      ,    +^ 

wheeled,  with  one  pair  of  driving  wheels,  j        "         3 
Do.  do.  do.       unusually  heavv,     24  to  27 

Broad  gauge  passenger  locomotive,   eight- 1 

wheeled,  with  one  pair  of  driving  wheels  >  35 

8  feet  in  diameter, ) 

Goods  locomotive,  from  four  to  six  wheels )        ^  . 

coupled, I     »7  *<»  3» 
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Tank  Engines,  carrying  their  own  Fuel 

AND  Water.  Tom. 

For  light  traffic  oii  branch  lines, 12  to  20 

For  heavy  traffic  on  steep  inclined  planes, 40 

In  comparing  the  tractive  force  of  a  locomotive  engine,  as 
limited  by  adhesion,  with  the  resistance  and  gravity  of  the  train 
which  it  is  to  draw,  it  is  obvious  that  the  resistance  due  to  friction 
and  concussion  of  the  engine  itself  ia  to  be  left  out  of  account;  for 
that  resistance  does  not  constitute  a  backward  pull  on  the  engine, 
tending  to  make  the  driving  wheels  slip. 

It  appears,  then,  that  the  available  tractive  force  of  a  locomotive 
engine  in  ascending  a  given  inclined  plane,  which  must  be  at  least 
equal  to  the  resistance  of  the  heaviest  train  that  it  has  to  draw,  is 
to  be  found  by  subtracting  from  the  adhesion  that  component  of 
the  weight  of  the  engine  which  acts  as  a  resistance  to  its  ascent; 
that  is  to  say. 

Let  E  denote  the  total  weight  of  the  engine; 

q  E,  that  part  of  the  weight  which  rests  on  the  driving 

wheels; 
iy  the  sine  of  the  inclination  of  the  railway ; 
P,  the  available  tractive  force;  then 

P=(5-»)k (7.) 

The  following  are  examples : — 

^  7 

Passenger  engines,  one  pair  of  driving  ( from     '33  '048  —  i 

wheels, (      to     '5  '071 — i 

€k)ods  engines,  two  pairs  of  wheels  ( from     -67  -095  —  i 

coupled, (      to     75  '107 — i 

Goods  engines,  all  wheels  coupled, i  '143  —  i 

The  weight  of  the  tender  has  in  some  instances  been  made  to 
produce  adhesion,  and  increase  the  available  tractive  force,  by  com- 
municating motion  from  the  hindmost  axle  of  the  engine  to  those 
of  the  tender  by  means  of  gearing-chains  and  pullies;  but  this 
method  is  suitable  to  low  speeds  only. 

431.  Bniins  Gnuiieats  of  Bailwar*. — The  general  nature  of  a 
ruling  gradient,  and  of  the  principles  according  to  which  it  is 
determined,  have  been  explained  in  Article  415,  p.  622. 

Self-CKdng  inclined  planes  and  Jixed  engine  inclined  pla/nessLre 
exceptional  cases,  which  are  not  comprehended  under  ^e  general 
principles  according  to  which  ruling  gradients  are  determined. 

Eorse^nnoer  is  applicable  to  lines  of  short  length  and  light  traffic 

2t 
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only.  The  tractive  force  which  a  horse  can  exert  nndcF  vaiioas 
circumstances  has  been  stated  in  Article  430,  Division  IL,  p.  637. 
The  mean  resistance  of  the  goods  and  mineral  wagons  on  a  level 
maj  be  taken  at  l-250th  of  the  gross  load,  or  9  lbs.  per  ton;  and  if 
the  passenger  carriages  are  carefully  constructed,  in  a  manner 
speciallj  suited  to  the  traffic,  their  resistance  may  be  taken  at 
1.500th,  or  4i  lbs.  per  ton,  on  a  level  straight  line,  and  -00368,  or 
1-37  3d,  or  6  lbs.  per  ton,  on  a  level  line  with  a  moderate  pro- 
portion of  curves  in  its  course.  It  appears  from  experience  that 
gradients  of  from  1  in  100  to  1  in  70  may  be  surmounted  without 
auxiliary  power,  provided  they  do  not  extend  to  a  distance  of  more 
than  two  miles,  or  thereabouts,  at  a  stretch,  and  that  the  horse  is 
not  ui*ged  to  a  higher  speed  than  he  naturally  assumes;  but  for 
longer  ascents  it  is  advisable,  if  possible,  to  limit  the  steepness  to  1 
in  200.  On  ascents  of  from  1  in  50  to  1  in  40,  or  steeper,  either 
the  load  drawn  by  one  horse  on  other  parts  of  the  line  should  be 
divided  between  two,  or  an  auxiliary  horse  should  be  harnessed  to 
each  carriage  or  train,  and  the  speed  should  not  exceed  a  walking 
paoa  Steep  ascents  for  very  short  distances  may  sometimes  be 
surmounted  by  taking  a  ''race"  at  them. 

In  fixing  the  ruling  gradient  of  a  looomotive  railway,  it  is  not  to 
be  supposed  that  rules  deduced  from  the  general  principles  already 
explained  are  to  be  held  as  absolutely  binding.  Their  proper  use 
is  to  guide  the  engineer,  when  no  cause  exists  sufficient  in  his  judg- 
ment to  warrant  a  deviation  &om  them. 

This  being  understood,  it  appears  that  there  are  four  things  to 
be  adapted  to  each  other, — ^the  greatest  load  of  a  train,  the  least 
speed  of  conveyance  in  ascending  declivities,  the  description  of 
engine,  and  the  ruling  gradient;  that  is,  the  steep^t  gradient  up 
which  the  ordinary  traffic  is  conveyed  by  the  ordinary  engines  of 
the  line,  without  the  aid  of  auxiliaiy  engines  specially  adapted  to 
steep  inclined  planes.  The  adaptation  of  those  four  things  to  each 
other  is  indicated  by  the  following  equation,  in  which  Mr.  Clark's 
formula.  Article  428,  equation  3,  p.  633,  is  adopted  for  the  resist- 
ance of  the  train : — 

Let  E  denote  the  weight  of  the  engine  (see  Article  430,  pi  640). 
q  E,  the  part  of  that  weight  which  rests  on  the  driving 

wheels  (see  Article  430,  p.  641). 
T,  the  gross  weight  of  the  train  and  tender  (if  there  is  a 

tender).     As  to  the  proportion  of  gross  to  net  load,  see 

Article  429,  p.  635 ;  as  to  the  weight  of  the  tender,  see 

Article  430,  p.  640. 
Y,  the  least  speed  in  miles  per  hour  at  which  the  conditions  of 

the  traffic  will  admit  of  the  ruling  gradient  being  ascended. 
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if  the  sine  of  the  ruling  gradient  f  whose  inclination  in 
ordinaxy  terms  will  be  described  as  1  in  -tj;  then 

(f-i)E={o0268(l+j5^^)+t}T. (1.) 

From  this  eqaation  are  deduced  the  following  formulae:  given 
q,  i^Yjto  find  the  ratio  of  the  weight  of  the  engine  to  that  of  the 
train  and  tender;  also  the  reciprocal  of  that  ratio : — 


•00268 


E^-Tzr 


0  +  i5o) 


+  i 


i 

7 


(2.) 


TH.E  =  (f^t)^{-00268(l  +  j|^^)+»};    (3.) 
given  E,  g,  T,  i,  to  find  the  speed  of  ascent  Y; 

V  =  733y'{(|-<)|--00268-t}; (4.) 

^ven  Ely  q,  T,  Y,  to  find  the  ruling  gradient  t; 

i  =  {?-?- -00268  (i  +  j^)t}^(E  +  T).    (5.) 

According  to  Mr.  Clark's  allowance  of  50  per  cent,  for  occasional 
or  contingent  resistances  referred  to  in  Article  428,  p.  635,  00402 
maj  occasionallj  have  to  be  substituted  for  '00268  in  the  preceding 
formulse. 

The  following  may  be  taken  as  examples  of  the  results  of  such 
computations^  ^e  formula  employed  being  equation  3 : — 

EZAlfPLB.  1. 

Speed  in  miles  an  hour^ 24 

TtOiB. 

Weight  of  engine, 20 

Kumber  of  driving  or  coupled  wheels,       2 

Tods. 
Load  on  driving  or  coupled  wheels, ...       10 
Weight  of  tender, to 

I  in  50, 33 

I  in  80, 63 

I  in  100, 79 

I  in  133-3, ^^4 


AKCndtng 
gzadio&t 


I  in  200, 


142 


II. 

IIL 

18 

12 

Tons. 

Tods. 

30 

30 

4 

all 

Tom. 

Tons. 

21 

30 

12 

15 

91 

145 

154 

238 

191 

«93 

245 

373 

33« 

505  J 

I' 
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The  thing  to  be  principally  considered  in  fixing  a  ruling  gradient 
is  the  traffic  This  having  been  ascertained,  so  as  to  determine  the 
probable  gross  load  of  the  several  descriptions  of  passenger  and 
goods  trains,  and  the  speed  at  which  they  are  to  run  up  the  steepest 
parts  of  the  line,  the  ruling  gradient  is  to  be  fixed  so  that  engines 
-with  not  more  than  about  5  tons  of  load  on  each  wheel  may  be  able 
to  draw  the  trains. 

It  is  in  general  bad  economy  to  incur  heavy  works  in  order  to 
ease  the  ruling  gradient,  merely  for  the  sake  of  enabling  light 
engines  to  convey  a  heavy  traffic ;  but  where  the  traffic  is  light, 
and  moderate  gradients  can  be  obtained  without  heavy  works,  light 
engines  may  be  used  with  advantage. 

431  A.  The  AetiMi  or  Biakn  may  have  to  be  considered  in  con- 
nection with  questions  respecting  gradients. 

The  immediate  effect  of  applying  brakes  is  to  stop  wholly  or 
partially  either  some  or  all  of  the  wheels  of  the  ti-ain,  so  that  they  slide 
instead  of  rolling  on  the  rails;  and  the  increased  resistance  thus 
produced  stops  the  movement  of  the  train  in  the  course  of  a  time 
proportional  directly  to  the  speed  and  inversely  to  the  resistance, 
and  of  a  distance  proportional  directly  to  the  square  of  the  speed 
and  inversely  to  the  resistance.  The  distance  in  the  course  of  which 
the  train  is  stopped  is  of  more  importance  practically  than  the 
time,  and  is  found  as  follows : — 

Let  /*  be  the  proportion  which  the  resistance  produced  by  the 
brakes  bears  to  the  weight  of  the  train; 
V,  the  speed  in  feet  per  second;  then 

distance  in  feet  on  a  level  =  v*  -s-  64*4/'. (1.) 

For  practical  purposes  it  is  more  convenient  to  state  ihe  velocity 
in  miles  an  hour.     Let  Y  denote  that  velocity;  then 

distance  in  feet  on  a  level  =  V^  -:-  30/'  nearly.  ....(2.) 

There  are  self-acting  brakes,  operated  upon  by  the  buffers,  by 
mechanism  worked  by  steam,  or  otherwise,  which  act  on  all  the 
wheels  at  once.*     For  such  brakes  it  may  be  considered  that 

/'  =  •  14  nearly. (3.) 

It  is  not  considered  desirable  to  stop  a  train  much  more  suddenly 
than  these  brakes  do,  lest  an  injurious  shock  should  be  produced. 

For  ordinary  brakes,  worked  by  hand  in  carriages  called  "  brake 
"iTins,"  the  value  of/'  may  be  estimated  as  ranging 

from  about  -031  to  -023; (4.) 

•  See  Mc  Fairbaim*s  Heport  to  the  Brifiih  Auodatitm  on  Braket^  1859. 
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SO  that  they  stop  the  trains  in  distances  ranging  from  4^  to  6  times 
the  distances  required  hj  brakes  that  act  on  all  the  wheels 

The  following  are  some  of  the  results  of  those  data,  calculated  in 
round  numbers,  as  precision  of  calculation  is  useless  in  this  case : — 

Speed  in  mOes  an  hour, lo  20  30  40       50  60 

Distance  in  feet  required  for  \ 

stopping  the  train  on  a  leveL  (  _  ^  ^/:  ^o.  ^  o/: 

with  br^ acting  on  aU  the  f  ""*  ^6  "6  384  600  864 

wheels, ) 

With ordinarv brakes       /^^^     ^^     ^3«     91^  1728  2700  3888 
^^itnordinarybrakes,...  I      ^     ^^^    5761296230436005184 

On  a  gradient  ascending  at  the  rate  of  1  in  1  -2-  t,  the  resistance 
available  for  stopping  the  train  becomes/*'  +  i,  and  it  is  stopped  in 
so  much  the  shorter  distance. 

On  a  gradient  descending  at  the  rate  of  1  in  1  -4- 1,  the  resistance 
available  for  stopping  the  train  is  diminished  to  y  —  t,  and  the 
distance  required  for  stopping  it  becomes, 

distance  on  a  Jevel  X/'  -5-  (/*  —  t). (0.) 

432.  dmdleBts  with  AaxUluT  Pawwb^ — ^Where  an  inclined  plane 
occurs  steeper  than  the  ruling  gradient,  auxiliary  power  may  be 
applied  either  by  attaching  an  additional  locomotive  to  each  train, 
or  by  having  special  locomotives  of  great  weight  and  power  to 
draw  the  trains  up,  or  by  using  a  fixed  engine  and  rope.  The 
economy  of  the  use  of  auxiliary  power  depends  mainly  on  the 
constancy  with  which  it  can  be  kept  at  work;  and  this  depends  on 
the  nature  of  the  traffic. 

The  locomotive  engines  used  for  this  purpose  are  usually  tank 
engines,  in  order  that  the  weight  producing  adhesion  may  be  as 
great  as  possible. 

433.  p«wcr  BzcrMd  by  t^memmnmOif  KngtaMSi — Besides  drawing 
^e  train,  the  locomotive  engine  has  to  overcome  the  resistance  of 
its  own  wheels  and  axles,  and  of  its  own  mechanism.  If  the  power 
or  mechanical  energy  expended  in  overcoming  this  additional 
resistance,  while  the  engine  travels  over  a  given  distance,  be 
divided  by  that  distance,  there  is  obtained  the  additional  train- 
resistance  which  would  be  equivalent  to  the  resistance  of  the 
engine;  and  this  being  added  to  the  resistance  of  the  tender  and 
^in,  gives  the  gross  resistance  of  the  engine,  tender,  and  train. 
Various  rules  have  been  proposed  and  tried  for  computing  the 
^ditional  resistance  of  the  engine. 

The  following  rule  is  founded  on  the  principle  that  the  resistance 
of  the  engine  consists  of  two  parts;  the  firsts  being  the  resistance  of 
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the  engine  m  a  eamiage,  is  the  same  with  that  of  a  train  of  the 
same  weight;  the  second,  being  the  resistance  caused  by  the  atraia 
on  the  mechanism,  bean  a  certain  proportion  to  the  whole  re- 
sistance  of  the  engine  and  train,  whether  arising  from  friction, 
concussion,  or  gravity ;  and  that  proportion  appears  to  be  about  one- 
third.  That  principle  is  expressed  by  the  following  formula  for 
the  gross  resistance  B,  of  an  engine  whose  weight  is  £,  drawing  a 
tender  and  train  whose  gross  weight  is  T,  at  the  speed  of  Y  miles 
an  hour  up  an  incline  of  1  in  1  -^  t : — 

R  =  l(T  +  E){-00268(n-j^Q)+i}j (1.) 

or  if  R  is  in  lbs.,  and  T  and  E  in  tons, 

R  =  (T  +  E)-  |8  +  ^  + 2,987  »}.• (2.) 

Under  un&vourable  circumstances  00402  may  occasionally  have 
to  be  substituted  for  -00268,  and  12  +  -_  for  8  +  yg^. 

For  a  descending  gradient,  each  i^rm  in  t  is  to  be  subtracted 
instead  of  added. 

The  enei^  exerted  by  the  engine  per  minute,  in  foot-pounds,  is 
the  product  of  the  effort  or  gross  resistance  in  pounds  and  speed  in 
feet  per  minute;  that  is  to  say, 

88  VR; (3.) 

(one  mile  an  hour  being  88  feet  per  minute).     The  indicated  horse- 
poioeria 

88  Y  RYE 

33,000  ■"  375 ^   ' 

Let  A  be  the  area  of  each  of  the  two  pistons  of  the  engine,  in 
square  inches;  p,  the  mean  effective  preaswre^  in  Iba  on  the  square 
inch;  c,  the  circumference  of  the  driying  wheels,  in  feet;  ^,  the 
length  of  stroke  of  the  pistons,  also  in  feet;  then 


*  The  above  formula  diflera  fh>m  that  of  Mr.  D.  K.  Claik  in  the  foHovliig 
reBpects: — One-third  is  added  to  the  whole  rosistanoe  of  the  engine  and  train, 
cousidered  as  carriages,  whether  arising  from  friction,  ooncnssioii,  or  gravity;  whovaa, 
in  Mr.  ClarlK*8  formola,  one-third  is  added  to  the  friction,  two-fifths  to  the  resistance 
from  concussion,  and  nothing  to  the  resistance  from  gravi^',  the  result  being  as 
follows : — When  E  and  T  are  tons  and  B  in  lb& 


E  =-  (s  +  ^  +  2,240»)  or  +  E> 
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2i>A=l-j;  and 
cR 

The  mean  speed  of  the  pistonfi  is  176  lY  ^  c; 

The  volume swqft through \  ^^21YA        22^VA 

mcuMc/eet^Z j      ^**  ^  ^^ 

EXAKPLB.  I.  II. 

Speed  in  miles  an  hour, ^4     .  ^^      . 

Ascending  gradient, i  in  133*3  ^  ^  ^33*3 

Weight  of  engine, 20  tons  30  tons 

Weight  of  tender, 10    „  12     „ 

Weight  of  train, 104     „  245     „ 

Circumference  of  drivinff  )  ^    .  ,  ^  r^  x 

wheel, „/  '*'^***  'Sfeet 

Stroke  of  pistons, 2     „  2     „ 

Area  of  each  piston, 200  sq.  in.  226  sq.  in. 

Effort  or  gross  resistance, ...  4,502  lbs.  9^241  lbs. 

Mean  effective  pressure  in )  ,  . 

Iba.  on  the  square  inch,  J  0    0  w  /     /  w 
Mean  speed    of  pistons,  ( 

feet  per  minute, f  ^^^'^  ^^^'^ 

Volume  swept  through  by  "j  .  « 

pistons  in  cubic  feet  per  J-  1 1 7 3 '3  ^  3^5 '9 

minute, I 

Indicated  horse-power, 288  444 


647 


(5.) 


IIL 
12 

1  in  80 
30  tons 

15    « 
238    „ 

14  feet 

2  ft.  2  in. 
253  sq.  in. 
13,057  lbs. 

83  4  « 
328-85 

"55*5 
418 


The  mean  effective  pressure  of  steam  in  the  cylinder  is  regulated 
by  the  effort  required  to  overcome  the  resistance,  as  shown  by  the 
formulae  and  calculations  just  given.  The  pressure  of  the  steam  in 
the  boiler  exceeds  the  mean  effective  pressure  in  the  cylinder  in  a 
proportion  depending  on  the  extent  to  which  tbe  steam  is  worked 
expansively,  and  various  other  circumstances.  It  usually  ranges  in 
piuetice  from  80  lbs.  to  140  lbs.  per  square  inch  above  the  atmos- 
pheric pressure.  In  some  cases  engines  have  been  worked  at  a  pres- 
sure of  200  lbs.  per  square  inch.  The  most  common  pressures  at 
present  are  from  100  to  120  lbs. 

.  The  speed  at  which  the  engine  runs  when  exerting  a  given  effort 
IS  regulated  by  the  quantity  of  steam  at  the  required  pressure  which 
uie  boiler  is  capable  of  producing;  which  quantity  depends  on  the 
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quantity  of  fuel  that  can  be  burned  in  the  furnace  in  a  given  time, 
and  the  efficiency  of  that  fuel  in  producing  steam. 

The  consumption  of  fuel  by  locomotive  engines,  per  indicated 
horse-power  per  hour,  may  be  estimated  as  ranging  firom  3  to  5  lbs., 
and  the  evaporation  from  7  to  9  lbs.  per  lb.  of  fueL  The  ivhole  area 
of  heating  siurface  in  ordinary  engines  varies  from  800  to  2,0(K) 
square  feet;  and  the  area  of  heating  surface  for  each  Ibu  of  fuel 
burned  per  hour  varies  from  about  half  a  square  foot  to  1^  square 
foot,  and  is  on  an  average  about  one  square  foot 

The  action  of  the  blast-pipe  gives  to  the  locomotive  engine  the 
power  of  adapting  its  consumption  of  fuel  to  the  work  which  it 
has  to  perform,  within  certain  limits.  Hence  the  rapid  consumption 
of  fuel  by  heavy  and  powerful  engines,  in  ascending  steep  inclined 
planes,  is  to  a  great  extent  compensated  by  the  saving  which  takes 
place  in  descending. 

The  details  of  the  construction  of  locomotive  engines,  and  of  the 
action  of  the  fuel  and  steam  in  them,  belong  to  the  subject  of  me- 
chanical engineering,  and  cannot  be  comprehended  in  ike  present 
work.  For  information  respecting  these  matters,  see  Mr.  D.  K. 
Clark's  work  On  Railway  Maxhrnery^  and  that  of  the  author 
On,  Prime  Movers, 

434.  CwTM. — I.  Addidcmal  JResistanoe  on  Curves. — Curves  on  a 
line  of  railway  increase  the  resistance  to  an  extent  which  Ls  some- 
what uncertain.  From  experiments  made  by  Lieutenant  David 
Rankine  and  the  author  on  light  passenger  carriages  with  truly 
cylindrical  wheels,  having  a  resistance  of  002,  or  4^  lbs.  per  ton,  on 
a  level  strai^t  line,  it  appeared  that  the  additional  resistance  was 


1,3*3  -r-  radius  in  feet;      | 

r,    '000625  -T-  radius  in  miles;    f  (!•] 
1-4  -T-  radius  in  miles.*  J 


in  fractions  of  the  load, 

or,    '000625  -T-  radius  in  miles;    }•  (1.) 
or  in  lb&  pet  ton, 


So  long  as  the  practice  prevailed  of  tapering  the  tires  of  wheels 
to  a  considerable  extent,  the  resistances  on  curves  and  straight  lines 
appear  to  have  been  nearly  equal;  the  tapered  or  conical  form  some- 
what diminishing  the  resistance  on  curves,  while  it  considerably 
inci^eased  that  on  straight  lines,  by  causing  the  carriages  to  move  in 
a  serpentine  course,  and  so  augmenting  the  resistance  due  to  con- 
cussion. But  since  the  taper  of  the  wheels  has  been  in  some  cases 
done  away  with,  and  in  others  made  very  slight  (about  1  in  40),  the 
resistance  on  straight  lines  has  become  sensibly  less  than  on  curves 

Some  experiments  on  American  railways  by  Mr.  Latrobe  give, 
for  the  resistance  due  to  curvature,  the  following  results  : — 

*  Ranklna  On  C^Hndneal  WheOs.  1812. 
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tiles;  W2.; 
dies,  j 


in  fractions  of  the  load,  1-36  -s-  radios  in  feet; 

or,    •000358   -f-  radius  in  miles;  y  (2.) 
or  in  lbs.  per  ton,  0-578         ~  radius  in  miles. 

The  smallness  of  these  results,  compared  with  those  given  in  the 
formulaB  (1),  may  perhaps  be  owing  to  the  use,  on  the  American 
railways,  of  "bogey"  carriages,  which  will  be  mentioned  further  on. 

II.  AdaptaHon  of  Ve/ddes  to  Curves. — Both  engines  and  carriages 
are  adapted  by  the  Amencans  to  sharply  curved  lines  of  railway  by 
means  of  the  **  bogey" — a  small  four-wheeled  truck,  with  its  wheels 
as  close  together  as  possible,  capable  of  turning  about  a  pivot  into 
various  positions  relatively  to  the  carriage  or  engine  which  it  supports, 
and  having  a  platform  on  which  the  carriage  is  supported  by  rollers. 
A  long  passenger  caiTiage  is  supported  on  two  bogeys,  one  near 
each  end;  a  locomotive  engine  has  one  bogey  imder  the  leading 
end,  the  after  end  being  supported  on  one  or  two  pairs  of  diiving 
vlieels.  An  improvement  has  lately  been  introduced  in  the  con- 
struction of  bogey  engines,  which  consists  in  placing  the  pivot 
about  which  the  bogey  turns,  midway  between  the  centre  of  the 
bogey  and  the  middle  point  between  the  axles  of  the  driving  wheels. 
By  the  aid' of  these  contrivances  engines  and  carriages  are  enabled 
to  pass  round  curves  of  radii  as  small  as  3^  chains  (231  feet).  On 
British  railways,  curves  of  sharper  radii  than  10  chains  are  of  rare 
occurrence.    (See  Aj>DEin>A,  p.  xvi^ 

III.  Cant  of  Bails  of  a  Cvrve, — This  term  denotes  the  transverse 
dope  which  is  given  to  the  suiface  of  the  rails  of  a  curve,  in  order 
to  counteract  the  tendency  of  the  carriages  to  go  straight  forwai'd, 
and  80  to  leave  the  curve.  That  tendency  arises  from  three  causes, 
^from  the  centrifugal  force,  from  the  parallelism  of  the  axles,  and 
from  the  slip  of  the  wheels. 

Let  17  be  the  velocity  of  a  train  in  feet  per  second,  moving  round 
a  ciirve  of  the  radius  r  in  feet,  then  its  cerUrifugcU  force  bears  to  its 
weight  the  proportion  of 

32-21-  '  ^'' ^^'\ 

and  this  is  tlie  ratio  which  the  cant,  or  elevation  of  the  outer  above 
the  inner  rail  of  the  curved  line  of  rails,  must  bear  to  the  qauoe,  or 
transverse  distance  between  the  rails. 
If  V  be  the  speed  in  miles  an  hour, 

cant  for  centrifugal  force  =  gauge  X   f^—  nearly.... (4.) 

10  r 

The  clear  gauge  is — 

On  British  narrow  gauge  railways, 4  feet  8J-  inches. 

On  British  broad  gauge  railways, 7  feet. 

On  Irish  railways, 5  feet  3  inches. 
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One-half  of  the  cant  should  be  given  bj  nosing  the  enter  mil 
thove  the  level  of  the  centre  line,  the  other  half  by  depressing  the 
inner  rail  It  is  impossible  to  adjust  the  cant  alike  for  all  speeds; 
but  it  is  best  to  adapt  it  nearly  to  the  highest  speed  of  oi^nary 
occurrence  on  the  line. 

For  example,  suppose  that  speed  to  be  40  miles  an  hour;  then 
the  values  of  the  cant  for  centrifugal  force,  in  inches,  are  as  follows 
for  different  gauges : — 

Gauge.  Cant  for  Centrifugal  Foroe^  in  Indiea. 

4  feet  8^  inches.  6,ooo  —  radius  in  feet 

5  „    3        „  6,730  -i-  radius  in  feet. 

6  „    o       „  7,680  -s-  radius  in  feet. 

7  „    o       „  8,960  -7-  radius  in  feet 

The  tendency  to  leave  the  line  which  arises  fix>m  the  axles  being 
parallel,  instead  of  radiating  from  the  centre  of  the  curve,  cannot 
easily  be  distinguished  from  that  due  to  the  next  causa 

The  tendency  to  leave  the  line  which  arises  from  the  slip  of  the 
wheels  is  produced  in  the  following  way ; — ^The  outer  rail  of  any 
given  arc  of  the  curve  is  longer  than  the  inner  rail  in  the  ratio  of 

radius  +  gauge  :  radius ; 

and  while  the  inner  wheel  rolls  over  a  given  arc  of  the  inner  rail, 
the  outer  wheel,  if  it  be  of  the  same  diameter  with  the  inner  wheel, 
has  to  slip  over  a  distance  equal  to  the  difference  of  the  lengths  of 
the  rails.  Thus  is  produced  an  additional  resistance  to  the  advance 
of  the  outer  wheel  of  each  pair  of  wheels,  tending  to  make  the  front 
end  of  the  carriage  swerve  outwards.  The  taper  or  coning  of  the 
wheels  was  devised  to  prevent  this  tendency,  by  causing  the  outer 
wheel  to  run  on  a  portion  of  its  th'e  of  larger  diameter  than  that 
on  which  the  inner  wheel  runs  at  the  same  time.  It  has  the  dis- 
advantage already  mentioned,  however,  of  increasing  the  oscillation 
or  sideward  swinging  of  ti'ains  on  straight  lines.  The  tendency  to 
swerve  may  be  corrected  in  cylindrical  wheels  by  means  of  an  addi- 
tional cant,  which  throws  the  larger  proportion  of  the  weight  on 
the  inner  rail.  The  additional  cant  required  for  that  purpose  was 
determined  experimentally  by  Lieutenant  David  Eankine  and  the 
author  for  carriages  moving  on  a  narrow  gauge  line  at  speeds  of  from 
3  to  12  miles  an  hour,  and  found  to  be  independent  of  the  velocity, 
and  inversely  proportional  to  the  ludius  of  the  curve;  being  given 
by  the  following  formula  : — 

additional  cant  in  feet     =    600  -f-  radius  in  feet;... (5.^ 
„  „    in  inches  =  7,200  h-  radius  in  feet;  (5  a.) 
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bat  such  additional  cant  is  probably  rendered  mmeceasaiy  by  the 
use  of  bogeysL 

lY.  Method  of  EojBxng  Changes  of  GwmcAwre, — Every  change  of 
car?ature  should  be  accompanied  by  a  change  in  the  cant  of  the 
rails;  and  as  changes  of  the  cant  of  the  rails  can  only  be  made  by 
d^reeSy  changes  of  curvature  should  be  gradual  also,  whether  they 
occur  at  the  junctions  of  curves  with  straight  lines,  or  of  curves  of 
reverse  curvature,  or  of  different  radii,  with  each  other. 

Two  methods  of  setting  out  curves  with  gradual  changes  of  cur- 
vature  have  been  practised — one,  invented  by  Mr.  Gravatt  about 
1828  or  1829,  consists  in  the  use  of  the  curve  of  sines  instead  of 
the  drde  for  railway  curves;  the  other,  invented  by  Mr.  William 
Fronde  about  twenty  years  ago,  consists  in  adhering  to  the  use  of 
l^e  circle  throughout  the  greater  part  of  the  extent  of  each  curve, 
but  introducing  at  each  end  of  each  curve  a  small  portion  of  a  curve 
approximating  to  the  dastic  cwrve^  for  the  purpose  of  making  the 
cboDge  of  curvature  by  degrees.  The  proper  place  for  referring  to 
tfa^e  methods  would  have  been  Article  63,  p.  101,  which  relates  to 
ibe ranging  and  setting  out  of  curves;  but  although  they  have  been 
80  loDg  in  use,  no  account  of  either  of  them  was  published  until  after 
that  part  of  this  book  was  in  type.  For  details  respecting  them, 
s«  Tramaactiona  of  the  Institution  qf  Engineers  in  Scotland,  voL 
iv.,  1860-61. 

The  curve  of  sines  is  that  which  gives  the  most  gradual  variation 
of  curvature;  but  its  use  involves  the  abandonment  of  circular  arcs, 
vbich  are  the  most  easily  and  rapidly  set  out  of  all  curved  lines. 
Afl  Mr.  Fronde's  "  curve  ofadjustmeTU  "  (as  it  may  be  called)  is  easily 
combined  with  circular  arcs,  the  most  convenient  mode  of  appl3ring 
it  to  practice  will  now  be  described. 

Suppose  that  a  portion  of  a  line  of  railway,  consisting  of  a  curve, 
op  of  a  series  of  curves,  but  beginning  and  ending  with  straight 
lines,  is  to  be  set  out  in  such  a  manner  that  all  changes  of  curvature 
stall  be  gradual. 

(1-)  Begin  by  ranging  the  centre  line  as  a  series  of  circular  arcs, 
accordmg  to  Method  I.  of  Article  63,  p.  102,  and  marking  it  with 
poles  or  temporary  stakes. 

(2.)  Determine  the  IsTigtk  to  be  adopted  for  the  "  curves  ofctdjuM- 
'^^  as  follows: — Compute  the  cant  required  for  each  of  the 
circular  arcs,  according  to  the  rules  of  Division  II.  of  this  article, 
and  the  several  changes  of  cant;  observing  that  the  change  of  cant  * 
between  a  straight  line  and  a  curve  is  simply  the  cant  of  the  curve; 
that  if  two  adjacent  curves  are  curved  in  the  same  direction,  the 
change  is  the  difference  of  cant;  and  that  if  they  are  curved  in 
reverse  directions,  the  change  is  the  sum  of  the  two  cants. 
Multiply  the  greatest  change  of  cant  by  the  reciprocal  of  the 
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steepest  gradieni  of  adju»immt;  that  is,  the  greatest  d^erenoe  of 
inclination  which  can  conveniently  be  given  to  the  outer  and  inner 
rail  in  changing  the  cant  The  result  will  be  the  length  of  each  of 
the  curves  of  adjustment. 

According  to  Mr.  Froude,  the  gradient  of  adjustment  should  not 
exceed  1  in  300.     Then, 

Length  of  curve  of  adjustment  s=  300  X  greatest  change  of  cant.  (6.) 

(3.)  Compute,  for  each  circular  arc  of  the  aeries,  the  ghi/t  as 
follows : — 

Shift  =  (length  of  curve  of  adjustment)^  -a.  24  radius.  (7.) 

Then  shift  the  poles  by  which  a  given  circular  arc  is  marked 
inwards  (that  is,  towards  the  centre  of  curvature  of  the  arc) 
through  the  distance  computed  by  the  above  formula.  For  ex- 
ample, in  iig.  276,  let  A  B^  B  C,  be  a  pair  of  oonaecative  circular 


Fig.  276. 

arcs,  marked  by  poles,  and  joining  each  other  at  their  point  of 
contact  B.  Let  B  E,  B  P,  be  the  shifts  proper  to  those  two  arcs 
respectively,  as  computed  by  equation  5 ;  after  all  the  poles  have  been 
shifted,  they  will  mark  the  arcs  D  E,  F  G,  having  a  gap  between  them 
at  £  F,  equal  to  the  sum  of  the  two  shifts,  if  the  arcs  are  curved  in 
reverse  directions,  or  the  dijQTerenoe  of  the  shifts,  if  the  arcs  are 
curved  in  the  same  dii*ection.  Straight  lines  are  not  to  be  sliifted : 
so  that  where  a  curve  joins  a  straight  line,  the  gap  is  simply  the 
shift  of  the  curve. 

(4.)  Set  out  the  "  curve  of  ctdjuslment'*  I  H  K  as  follows: — For 
its  middle  point,  binect  the  gap  £  F  in  H.  For  its  ends  I  and  K, 
lay  off  E  I  and  F  K,  each  equal  to  half  its  length,  as  computed  by 
equation  6.  For  intermediate  points  in  the  division  I  H,  lay  off 
ordinates  at  right  angles  from  a  series  of  points  in  the  circular  arc 
I  £,  proportional  to  the  cubes  of  the  distances  from  I;  and  for 
intermediate  points  in  the  division  K  H,  lay  off  ordinates  at  right 
angles  from  a  series  of  points  in  the  circular  arc  K  F,  proportional 
to  the  cubes  of  the  distances  from  K. 

The  following  is  a  formula  for  calculating  those  ordinates : — 
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Let  a  denote  the  leogtli  I  K  of  the  caire  of  adjustment; 
b,  the  gap  £  F,  or  sum  of  the  shiils; 
X,  the  distance,  measured  on  the  circular  arc,  of  any  point 

from  I  or  from  K,  as  the  case  may  be; 
f/,  the  ordinate;  then 

y=-sr- W 

ExAMTTiK — ^A  curve  of  20  chains  radius  (=  1,320  feet),  with  cant 
suited  to  a  speed  of  40  miles  an  hour  on  a  narrow  gauge  line,  is  to  be 
connected  with  a  straight  line. 

Cant  (see  p.  650)  =  500  feet  -r-  1,320  =  -3788  foot; 

Length    of  curve   of   adjustment,  a  =    3788  x  300  =  113-6 

Shift  for  circular  arc  =  (113-6)2  ^  24  x  1,320  =  -407  foot 

(As  the  arc  is  to  join  a  straight  line,  this  is  also  the  width  of  the 
gap  6.) 

Formula  for  ordinates,  y  =  ^-^^^^3^  =  -000,001,11  a^. 

The  easing  or  "  humouring"  of  changes  of  curvature  is  performed 
by  rail-layers  by  the  eye,  with  considerable  accuracy,  in  the  case  of 
reverse  curves,  where  a  "  bit  of  straight "  has  been  set  out  to  con- 
nect the  two  circular  arcs;  but  no  such  approximate  process  is 
possible  at  junctions  of  curves  with  straight  lines,  or  of  curves  of 
unequal  radii,  curved  in  the  same  direction. 

V.  CombincUion  of  Cv/rvea  and  Gradients. — As  curvature  of  the 
line  increases  the  re^noe  of  trains  and  the  clanger  of  jumping  off 
the  line  at  high  speeds,  it  is  advisable  to  avoid  very  sharp  curves  on 
steep  gradients,  and  on  parts  of  the  line  where  the  speed  is  to  be 
very  high. 

Where  sharp  curves  necessarily  occur  in  the  course  of  a  steep 
ascent,  it  is  advisable,  instead  of  adopting  an  uniform  gradient,  to 
make  it  sligbtly  jsteeper  on  the  straight  parts  of  the  line,  and 
slightly  flatter  on  the  curved  parts,  in  order  that  the  resistance  of 
aa  ascending  train  may  be  as  nearly  as  possible  uniform.  In  the 
absence  of  more  precise  data,  formula  1  of  Division  I.  of  this 
-^icle,  p.  648,  may  be  used  to  compute  the  resistance  due-  to 
curvature  for  engines  and  carriages  without  bogeys,  and  formula 
2,  p.  649,  for  those  with  bogeys. 

VL  Additional  Problems  in  Setting  ovJt  Cvrves. 

Pboblem  First. — To  find  the  radius  of  a  circular  wrc  which  shaU 
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meceaaivdy  touch  three  straight  linee,  B  D,  D  E,  E  C,  fig.  277, 
measuie  the  middle  straight  line  D  £,  and  ihe  acute  angles  at  D 
and  £.    Then 


Radius  =  D  E  ^  (tan  -  D  +  tan  ^  e); 


(9.) 


which  having  been  computed,  the  curve  can  be  set  out  bj  Method 
I.  of  Article  63,  p.  102. 

PaoBLEM  SsooND. — To  aet  out  the  curve  of  einee,  or  karmonie 
isurve^  proposed  by  Mr.  Gravatt  This  curve  may  be  used  with 
advantage  where  there  is  clear  ground  and  sufficient  time  to  range 
it     Let  B  A^  0  A^  be  the  two  straight  tangents  to  be  connected 


1^.  277. 


Fig.  27S. 


by  means  of  the  curve,  cutting  each  other  in  A.  I^y  out  the 
straight  line  A  D  E,  bisecting  the  angle  BAG,  and  choose  in  it  a 
point  D  for  the  curve  to  traverse.     Lay  off  the  distances. 

A  B  =  A  C  =  2-75193  A  D  •  sec  i  B  A  C; (10.) 

then  B  and  C  will  be  the  ends  of  the  curva  Conceive  the  chord 
B  E  C  to  represent  a  semicircle  stretched  out  straight,  and  divided 
into  180  degrees,  and  lay  off  ordinates  at  right  angles  to  it  propor- 
tional to  the  sines  of  arcs  marked  upon  it:  the  ends  of  those 
ordinates  will  be  points  in  the  curve.  The  middle  or  longest 
ordinate  iS| 

DE=  1-75193  AD; (11.) 

Let  X  denote  any  abscissa  B  X,  measured  from  one  of  the  ends 
of  the  curve;  y,  the  corresponding  ordinate  X  Y;  then 


^  _     .    90^  X  a? 


BE 


(12.) 


the  value  of  the  half-chord  B  E  being, 
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B  E  =  2-75193  A  D  •  tan  ^  B  A  0 (13.) 

The  sharpest  cmrature  occurs  at  D^  where  the  i-adius  of  curvature 

is 

D  E  -tan^^  BAG. (14.) 

If  the  cant  of  the  rails  at  D  is  adapted  to  this  radius,  the  cant  at 
anj  other  point  may  be  determined  with  sufficient  accuracy  for 
practice  by  making  it  vary  simply  as  the  ordinate  y.  The  form  of 
the  curve  is  nearly,  though  not  exactly,  that  of  an  elastic  bow 
of  uniform  section,  bent  by  means  of  a  string  connecting  its  ends. 

Problem  Third. — To  connect  a  circular  (m*c  atvd  a  straiglU  line,  or 
two  circular  arcs,  which  do  not  touch  or  cut  eadh  other,  by  means  of  an 
elastic  curve  (Mr.  Froude's  curve  of  adjustment).  Fig.  276,  p.  652, 
maybe  taken  to  illustrate  the  case  where  two  arcs  curved  in  reverse 
directions  are  to  be  connected;  fig.  279,  to  illustrate  that  in  which 
two  arcs  curved  in  the  same  direction  are  to  be  connected. 

Find  the  pair  of  points  at  which  the  arcs  or  lines  to  be  connected 
are  nearest  to  each  other.  This  is  best  done  by  first  finding  two 
pairs  of  points  at  which  the  lines  to 
be  connected  are  at  equal  distances 
apart;  the  pair  bf  points  required 
^'ill  be  midway  between  those  two 
pairs  of  pointa  Let  E  and  F  be  the 
pair  of  points  thus  found ;  meanure  -j^    ^_ 

the  gap  E  F,  then  calculate  the  half-  ^'  ^^^* 

^gth  of  the  curve  of  adjustment  by  means  of  the  following  for- 
mula, in  which  r  and  /  denote  the  radii  of  the  arcs  to  be  connected : — 

El  =  FK=y^{6EF^g=±=J)}j (15.) 

the  sign  +  or  —  being  used  in  the  denominator,  according  as  the 
directions  of  curvature  are  reverse  or  similar.  If  one  of  the  lines 
^  be  connected  is  straight,  1  —  r'  is  to  be  made  =  0;  so  that  the  for- 
mula becomes 

E  I  =  F  K  =  JeWWlT. (16.) 

fThe  ends  of  the  curve  of  adjustment  may  also  be  determined 
approximately,  by  finding  the  two  pairs  of  points  at  which  the  dis- 
**ttce  between  the  lines  to  be  connected  is  4  E  F.) 

The  curve  of  adjustment  is  now  to  be  set  out  by  ordinates,  as  in 
Division  IV.  of  this  Article,  p  6o2. 

Vlt  Enlargement  of  Qauge  on  Curves. — In  order  to  enable 
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trains  to  pass  more  easily  round  curves,  it  is  the  practice  of  acnne 
engineers  to  make  the  gauge  about  half  an  inch  wider  on  them  than 
on  straight  lines ;  so  that  supposing,  for  example,  that  the  wheels 
have  half  an  inch  of  "play"  or  "dearance,"  on  straight  lines^  they 
will  have  an  inch  on  curves. 

YIIL  Legal  LimUcUiona  to  the  SJuvrpneu  of  Curves, — According 
to  the  Railway  Clauses  Consolidation  Act  of  1845,  the  power  of 
diminisliing  the  radii  of  curves  below  the  length  marked  on  the 
j)arliamentary  plan  of  a  railway  is  thus  limited : — if  the  radius 
of  any  curve,  as  shown  on  the'  parliamentary  plan,  exceeds  half  a 
mile  (2,640  feet),  it  may  be  shortened  to  any  extent  which  does  not 
reduce  it  below  half  a  mile ;  but  no  radius  of  such  a  curve  is  to  be 
shortened  to  less  than  half  a  mile,  nor  is  any  radius  shown  as  less 
than  half  a  mile  to  be  shortened  to  any  extent.  These  restrictions 
may  be  dispensed  with  by  the  Board  of  Trade  upon  sufficient  cause 
being  shown. 

435.  lAylaig  mmt  «■«  F^ramtloB  ^f  Rallwar*  te  GmiomI. — Sub- 
ject to  the  principles  respecting  gradients  and  curves  which  have 
been  explained  in  the  preceding  articles  of  this  section,  the  general 
principles  of  the  selection  of  the  course  and  the  formation  of  a  line 
of  railway  are  those  which  have  already  been  stated  in  Articles  413, 
414,  pp.  619  to  622,  and  the  other  parts  of  this  work  referred  to  in 
those  articles. 

The  following  principles  are  specially  applicable  to  rail- 
ways : — 

I.  The  Breadth  of  Formation  or  Base  depends  upon  the  gauge,  or 
clear  distance  between  the  rails  of  a  track,  the  number  of  tracks, 
the  clear  space  between  them,  the  clear  space  left  outside  of  them 
for  projections  of  carriages  and  for  men  on  foot,  and  the  additional 
space  required  for  the  slopes  of  the  " ballast"  the  side  drains,  &c 
The  following  are  examples :— 

ci*«-p^*-n  T  «m.r«  MaiTOtr  tridi  Broad 

Single  Like.  Gauge.  Oange.  Gauge. 

Ft    In.  Ft    In.  Ft    In. 

Clear  space  outside  of  rail, 4    o  4    ^  4    o 

Head  of  rail, 0    2^  02}  02} 

Gauge, 4    84  S3  70 

Headofrail, 02^  o    24  024 

Clear  spaoe  outside  of  rail, 40  4    ^  4    o 

Least  breadth  of  top  of  ballast;  and  least) 

width  admissible  for  archways,  &C.,  tra->        13     1 1       '3    ^  '5     5 

YBTsed  by  the  railway, ) 

Spaces  for  slopes  of  ballast,  and  benches  f  from        3  Io|\  02 

beyond  them,  on  embankments, \     to        8  io\f      ^    ^  9 

Total  breadth  of  top  of  embankments,    -f^"*™      22    0}      '^    *^  ^7 
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Double  Lnnfi. 


iTtah 

BnMd 

GftagOL 

Gftag«i 

Gaag«L 

Ft    In. 

Ft 

In. 

Ft    In. 

4    O 

4 

0 

4    0 

O     2i 

0 

2i 

0     2i 

4    8* 

5 

3. 

7    0 

O     2k 

0 

2i 

0     2i 

6    o 

6 

0 

6    0 

O     2i 

0 

2i 

0     2i 

4    84 

5 

3. 

7    0 

O     2i 

0 

2* 

0    24 

4    o 

4 

0 

4    0 

24    3 

25 

4 

28  10 

8    9/ 

4 

8 

9    2 

28    o> 
33    of 

30 

0 

38    0 

Cletr  spiBoe  onUtde  of  faO, 

Head  of  rail, 

Gauge, 

Head  of  rail, 

Middle  space  (called  the  **  six  feet,"): 

Head  of  rail, 

Genge, 

HeadofraU, 

Clear  space  outside  of  ran, 

Least  breadth  of  top  of  ballast;  and  least'l 
ividth  admissible  for  archwa)^  &&,  tra-  > 
versed  by  the  railway, } 

Spaces  for  slopes  of  ballast  and  trenches  /from 
beyond  them,  on  embankments, \     to 

Total  breadth  of  top  of  embankments,   {^^ 


Cattings  are  sometimes  made  of  a  width  at  the  formation  level 
equal  to  that  of  the  embankments  on  the  same  line ;  in  other  cases 
they  have  an  additional  width  given  to  them,  amounting  sometimes  to 
as  much  as  9  feet,  in  order  that  there  may  be  the  more  space  for  the 
side  drains.  On  the  whole,  the  most  common  breadths  of  base  for 
^ih  embankments  and  cuttings,  on  narrow  gauge  lines,  are 

for  single  lines,     18  feet, 
for  double  lines,    30  feet. 

Arches  over  the  railway  are  seldom  made  of  the  minimum 
spans  shown  by  the  foregoing  tables,  except  in  the  case  of  tunnels. 
Bridges  over  narrow  gauge  lines  are  usually  of  the  following  spans  : 

over  a  single  line,   from  16  to  18  feet; 
over  a  double  lino,  from  28  to  30  feet; 

and  the  same  breadths  are  applicable  to  cuttings  with  retaining 
valla,  and  rock  cuttings  with  vertical  or  nearly  vertical  sides. 

XL  The  Formation  Levd  is  fi*om  1^  to  2  feet,  or  thereabouts, 
below  the  intended  level  of  the  rails,  according  to  the  depth  of  the 
permanent  way  (see  Article  66,  p.  112),  and  is  marked  by  a  line  of 
some  distinctive  coloui*  on  the  working  section. 

III.  Side  Slope. — The  formation  or  base  is  sometimes  made  to 
fall  from  the  centre  towards  the  sides  at  the  rate  of  about  1  in  60, 
to  facilitate  drainage. 

IV.  Cross  Drains. — ^Where  the  nature  of  the  soil  makes  cross 
drains  necessary,  they  may  be  made  by  digging  small  trenches  acrass 

2u 
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the  base  from  7  to  9  inches  deep,  and  from  3  to  5  yards  apart,  and 
filling  them  with  broken  stona 

v.  FosUtons  of  Stations  rdaiivdy  to  Gradients. — Although  it 
may  sometimeB  be  absolutely  necessary  to  have  stations  in  the 
course  of  steep  gradients,  the  engineer  should,  as  £Eir  as  possible, 
avoid  that  necessity,  because  of  the^difficulty  and  inconvenience  of 
^pping  descending  trains,  starting  ascending  trains,  and  shifting 
carriages  at  stations  so  placed.  There  is  an  advantage  in  having  a 
station  at  a  summit  level,  because  the  gradients  fiBu^tate  the  start- 
ingand  stopping  of  trains  in  both  directions. 

Vl.  LegcU  Limits  to  Powers  qf  Deviation, — ^In  Biitainy  the 
ordinary  Umits  of  deviation  as  to  the  situation  of  a  railway 
are  100  3rards  in  the  country  and  10  yards  in  towns  to  either 
side  of  the  centre  line,  as  marked  on  the  parliamentary  plan, 
and  such  limits  are  marked  on  the  plan.  Wider  limits,  in 
special  cases,  are  granted  by  special  enactment  upon  sufficient 
cause  being  shown ;  and  the  limits  may  be  restricted,  at  the  discre- 
tion of  the  promoters,  to  any  extent  consistent  with  the  execution  of 
the  work.  The  ordinary  limits  of  deviation  of  the  level  of  a  rail- 
way are  5  feet  in  the  country  and  2  feet  in  towns  above  and  below 
the  level  of  the  upper  surface  of  the  rails,  as  shown  on  the  parlia- 
mentary section.  Further  deviations  of  level  require  the  sanction 
of  owners  of  property  affected  by  them,  except  in  the  case  of 
embankments  and  viaducts,  which  may  be  lowered  to  any  extent 
consistent  with  leaving  sufficient  headroom  for  roads. 

Gradients  less  steep  than  1  in  100  may  be  made  steeper  to  an 
extent  not  exceeding  10  feet  per  mile;  gradients  of  1  in  100,  or 
steeper,  may  be  made  steeper  to  an  extent  not  exceeding  3  feet  per 
mile;  gradients  may  be  made  flatter  to  any  extent 

As  to  curves,  see  Article  434,  p.  656.  On  all  these  points,  see 
the  Railways^  Clauses  Consolidation  Act,  1845. 

436.  CriiMlwii  «■«  AlicmiMM  mt  mOtm  laMW  m£  Cmmwmrmmm^ — 
I.  General  Explanations. — ^When  the  course  of  a  railway  croses 
that  of  a  previously  existing  line  of  land-carriage,  the  railway  may 
either  be  carried  over  or  under  the  existing  line  by  means  of  a 
bridge,  or  across  it  on  the  level  of  its  surface.  When  the  line  of 
conveyance  to  be  crossed  is  a  canal  or  a  river,  the  railway  must  be 
carried  either  over  or  under  it  In  order  to  £icilitate  such  cross- 
ings, it  may  be  necessary  to  alter  the  level  or  divert  the  course  of 
existing  lines  of  conveyance;  and  in  some  cases  a  diversion  of  the 
course  of  an  existing  line  of  conveyance  may  be  required  in- 
dependently of  any  crossing;  and  for  all  those  purposes,  cuttings 
and  embankments  are  required.  The  parts  of  a  toad  whose  leveb 
are  altered  for  the  purpose  of  carrying  the  railway  across  it,  are 
called  the  approaches  of  the  crossing. 
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The  infonnatbiL  wMch  must  be  giyen  on  the  seotion  of  a  proposed 
railway  respectiiig  such  alterations  of  existing  lines  of  oonununi* 
cation  has  already  been  referred  to  in  Article  14t,  pp.  14,  15.  Pro^ 
posed  diversions  of  snch  lines  should  be  shown  on  the  plan,  and 
proposed  alterations  of  width  noted  But,  as  formerly  stated,  with 
regard  to  all  matters  connected  with  the  preparation  of  parlia- 
mentary plans,  reference  should  be  made  to  the  standing  orders  of 
parliament  themselyes,  and  not  to  any  second-hand  account  of  their 
pTovisionsL 

As  to  working  sections  of  alterations  of  existing  lines  of  com- 
muDication,  see  Article  66,  p.  113. 

IL  L^al  LimUcUions  ejecting  Crossings  ofeodsting  Lines  ofC(m- 
veyance. — In  order  ftdly  to  understand  those  limitations,  as  they 
are  regulated  by  law,  in  Britain,  the  statutes  called  "Eailways' 
Claiises  Consolidation  Acts"  must  be  consulted.  The  following  is 
an  outline  of  the  more  important  of  the  limitations : — 

A.  Levd  Crossings  of  public  carriage  roads  are  not  lawful  unless 
individually  authorized  by  the  special  act  relating  to  the  particular 
railway;  and  in  order  that  they  may  be  so  authorized,  the  engineer 
must  be  prepared  to  show  cause  for  using  them  instead  of  bridges, 
and  to  prove  that  they  are  consistent  with  the  public  safety.  All 
level  crossings  must  be  provided  with  gates,  which,  in  ordinary,  are 
to  be  kept  shut  across  the  road.  In  the  case  of  level  crossings  of 
public  roads,  those  gates  are  to  be  capable  of  being  closed  across  the 
railway  when  the  passage  along  the  road  is  open ;  and  tiiere  must 
be  a  lodge  or  box  for  a  gatekeeper,  and  a  proper  system  of  signals. 

R  Over  Bridges  (as  bridges  for  carrying  roads  over  the  railway 
are  called)  are  to  have  a  clear  width  of  roadway  between  the 
paiapets, 

for  a  turnpike  road, of  35  feet, 

for  any  other  public  carriage  road,  of  25  feet, 

provided  the  average  width  of  the  road  between  its  fences  through- 
out a  distance  of  50  yards  on  each  side  of  the  centre  line  of  the 
railway  is  not  less  than  35  feet  or  25  feet,  as  the  case  may  be. 
Should  the  average  width  of  the  road  be  less  than  the  limit  above- 
mentioned,  the  roadway  of  the  bridge  may  be  made  of  a  width 
equal  to  such  existing  average  width,  provided  that  in  no  case  shall 
the  roadway  be  made  of  a  less  clear  width  than, 

for  a  turnpike  road, 30  feet, 

for  any  other  public  carriage  road, ...     ao    „ 

and  that,  if  at  any  future  period  the  road  should  be  widened,  the 
railway  company  shall  be  obliged  to  widen  the  bridge  to  35  feet  or 
25  feet  as  the  case  may  be. 
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For  private  roads  the  preeciibed  least  width  is  12  feet;  but  tliis 
may  be  altered  by  special  agreement  between  the  proprietor  of  the 
road  and  the  promoters  of  the  railway. 

The  parapets  of  all  over  bridges  are  to  be  at  least  4  feet  higb,  and 
the  fences  of  their  approaches  at  least  3  feet  high. 

0.  Under  Bridges  (as  bridges  for  carrying  roi^  under  the  railway 
are  called)  are  subject  to  tbe  same  conditions  as  to  width  of  road- 
way with  over  bridges ;  and  those  conditions  fix  the  least  span  of 
the  arch.     Its  height  is  subject  to  the  following  conditions : — 

For  a  turnpike  road  the  clear  headroom  is  to  be  at  leasts 
at  the  springing  of  the  arch,  12  feet ; 
throughout  a  breadth  of  12  feet  in  the  middle 
of  the  archway,  16  feet 

For  any  other  public  carriage  road  the  dear  headroom  is  to 
be  at  least, 
at  the  springing  of  the  arch,  12  feet; 
throughout  a  breadth  of  10  feet  in  the  middle 
of  the  archway,  15  feet 

For  a  private  road  the  dear  headi\>om  is  to  be  at  least, 
throughout  a  breadth  of  9  feet  in  the  middle 
of  the  archway,  14  feet 

D.  The  vndiruUion  of  an  altered  road  is  not  to  be  made  steeper, 

for  a  turnpike  road,  than  1  in  30; 
foranyotherpublic  Kj^^  1  j^  2^ 
carnage  road,...  J  ' 

for  a  piivate  road,  than  1  in  16; 

provided  that  the  undertakers  of  the  railway  shall  not  be  obliged  to 
make  the  inclination  of  the  altered  road  easier  than  its  original 
^'  mesne  "  inclination,  or  than  the  original  "  mesne  "  inclination  of 
the  road  within  a  distance  of  250  yards  from  the  point  where  it 
crosses  the  centre  line  of  the  railway. 

(No  rule  is  prescribed  for  computing  the  "  mesne  "  inclination  of 
the  road;  but  the  following  appears  to  be  as  little  open  to  objection 
as  any  that  can  be  devised.  Add  together  all  the  rises  and  all  the 
falls  of  the  portion  of  the  road  in  question,  and  divide  their  sum  by 
its  length.) 

E.  The  rules  of  the  general  act  may  be  modified  or  set  aside  in 
particular  cases  by  special  enactment,  upon  sufficient  cause  being 
shown;  and  in  the  case  of  crossings  of  private  roads,  conditions 
may  be  settled  by  agi'eement  between  their  proprietors  and  the 
promotera  of  the  railway. 
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F.  A  sufficient  temporary  road  must  be  provided  tmtil  the  perma- 
nent road  is  complete.  In  many  cases  it  is  most  convenient  to 
divert  the  road,  and  use  the  original  roadway  as  a  temporary 
road. 

G.  Works  in  tidal  waters  must  be  sanctioned  by  the  admi- 
ralty. 

IIL  The  Least  Dtmensiona  of  Under  Bridges  are  virtually  fixed  by 
the  rules  above-mentioned.  The  following  are  examples,  in  which 
the  arches  are  treated  as  segmental,  that  being  the  best  form  in 
the  present  case.  The  rise  is  given  as  computed  by  Mr.  Cotton  in 
his  work  On  Railway  Engineering  in  Irdamd 

The  power  to  make  roadways  of  less  than  the  prescribed  widths 
of  35  and  25  feet  in  certain  cases  is  of  no  avail  as  regards  under 
bridges,  or  the  abutments  of  over  bridges,  because  of  the  liability  to 
enlarge  the  bridges  at  a  future  time. 


Bridge  under  Baflway  and  over V 'rS?* 

Ftet 

flp«n, ZS-OQ 

Riae, 4*50 

Clear  headroom  in  centre^ 16*50 

Radius  of  intradoa, 36*28 

Thickneaa  of  arch-ring, 2*50 

Depth  of  coating  of  puddle, 0*50 

Depth  of  permanent  way,  say 2XX> 

Total  height,  roadway  to  rails, ^^'5 

To  albw  for  additional  depth  in  skew  bridges,  the>  2*^*00 

above  heights  may  be  increased  to / 

For  iron  under  bridges^  the  above  heights  may  be>  2otx> 

diminished  to >  =^ 


Pnblic 
CarrUffeRoad. 

Feet 
2S*CX) 

3*53 

15*53 
23*90 

2*CX> 

o*47 
2*00 


20*00 


21100 


i8xx> 


As  to  the  Uasi  dimensions  of  over  bridges,  see  Article  290, 
p.  426,  for  au  example  of  the  dimensions  of  the  arch. 

The  clear  headroom  in  the  centre  is  usaally, 16*00  feet 

To  this  add,  for  tlie  thickness  of  a  stone  arch, 2*00 

n  fi  fi  puddle  coating, 0*50 

„  „  „  roadway, ixx) 

Total, 19*50 

For  an  iron  over  bridge  with  flat  girders  the  dear  head-)  i^'co 

room  may  be  reduced  to  about • f  ^  ^ 

Girders  and  roadway,  say „  2*50 

Total, I7X)0 
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The  platform  of  an  over  bridge  with  iron  girders  may  consist 
either  of  a  series  of  transverse  brick  arches  spanning  across  between 
the  g^rdets,  which  should  be  about  6  feet  apart^  and  be  held  together 
hj  transverse  ties  sufficient  to  resist  the  thrust  of  the  arches,  or  of 
cast  iron  plates  with  stiffening  ribs  above,  covered  with  a  layer  of 
asphaltic  concrete,  or  of  buckled  wrought  iron  plates,  covered  with 
a  layer  of  asphaltic  concrete.     (See  Article  375,  pi  545.) 

In  grossing  roadways  in  and  near  populous  towns,  where  the 
ordinary  dimensions  of  bridges  would  be  too  small,  the  width  of  the 
roadway,  and,  in  the  case  of  under  bridges,  the  headroom,  are 
usually  fixed  by  agreement  with  the  local  authorities. 

The  thickness  of  the  dfnUmenis  of  ordinary  road  bridges  on  lines 
of  railway  is  usually  from  l-5th  to  l-6th  of  the  span,  and  the 
counterforts  are  altogether  of  about  one-third  of  the  volume  of  the 
abutments.  The  wing  walls  are  retaining  walls,  as  to  which,  see 
Articles  265  to  268,  pp.  401  to  407.  In  ordinary  cases  their 
thickness  at  the  base  is  from  l-4th  to  3-lOths  of  their  height,  and 
about  one-half  of  that  amount  at  the  top,  diminishing  by  steps  or 
Bcarcements  at  the  back  of  the  wall;  the  £stce  has  a  batter,  of 
which  1  in  12  is  an  usual  value. 

Bridges  over  deep  and  wide  cuttings  may  have  three  or  five  ardies. 

TV,  In  selecting  the  line  and  levdSf  the  engineer  should  have 
regard  to  the  crossiugs  of  existing  lines  of  conveyance  which  may 
be  required,  bearing  in  mind  that  the  earthwork  of  the  approaches 
to  those  crossings,  owing  to  its  inconvenient  situation,  is  more 
expensive  than  that  of  the  railway  itself  He  should  study  to 
have  as  few  bridges  above  the  minimum  size  as  possible;  and  with 
that  view  he  should  endeavour,  as  &r  as  possible,  to  gain  the 
necessary  headroom  partly  by  means  of  the  elevation  or  depression 
of  the  railway  above  or  below  the  existing  road,  and  partly  by 
means  of  an  alteration  of  the  level  of  that  road. 

The  level  occupied  by  existing  lines  of  conveyance,  if  they  have 
been  well  laid  out,  is  usually  the  most  fiivourable  to  economy  of 
works;  and  for  that  reason  there  is  generally  an  advantage  in 
crossing  such  lines  on  the  level,  independently  of  the  saving  of  the 
cost  of  bridges ;  but  the  choice  between  level  crossings  and  bridges 
must  be  I'egulated  mainly  by  considering  whether  the  traffic  is  such 
as  to  make  level  crossings  consistent  with  the  public  safety.  In 
comparing  the  cost  of  a  level  crossing  with  that  of  a  bridge,  regard 
should  be  had  to  the  necessity  of  having  a  gate-keeper  at  t^e  level 
crossing. 

When  the  level  of  an  existing  road  is  to  be  lowered,  special  care 
must  be  taken  that  the  cutting  for  that  purpose  can  be  properly 
drained. 

The  line  of  conveyance  which  causes  the  greatest  impediment  to 
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the  passage  of  a  railway  is  a  canal ;  for  it  usoaUj  occupies  precisely 
the  moet  fiivourable  level  for  economy  of  works ;  its  level  cannot  in 
general  be  altered,  nor  can  it  be  creased  on  the  level ;  and  it  can 
only  be  crossed  fy&a^  its  own  level  by  means  of  a  swing  bridge, 
which  is  inconvenient  if  the  traffic  is  great 

In  making  a  bridge  over  a  canal,  the  span  should  be  sufficient  to 
oontain  the  canal  and  its  towing  path  without  contracting  .their 
width;  and  care  must  be  taken  in  founding  the  abutments  not  to 
disturb  the  canaL  To  prevent  the  escape  of  water  it  may  be 
necessary  to  use  coffer  dama  (Article  409,  p.  612.)  The  clear 
headroom  is  usually  fixed  by  agreement;  in  ordinary  cases  it  is  10 
feet  above  the  towing  path,  to  be  sufficient  for  a  man  on  horseback.* 

A  passage  under  a  canal  may  be  made  either  by  tunnelling  at  a 
sufficient  depth,  or  by  making  a  temporary  or  permanent  diversion 
of  the  canal,  and  building  an  aqueduct  bridge;  which,  if  the 
diversion  is  to  be  temporary,  will  be  on  the  original  course  of  the 
<»Qal,  and  if  permanent,  on  that  of  the  diversion.  Canal  and  river 
bridges  will  be  further  considered  in  a  later  chapter. 

437.  Ballart  is  that  portion  of  the  permanent  way  of  a  railway 
which  forms  a  firm  and  dry  foundation  for  the  rails  or  for  the 
sleepers  by  which  they  are  supported.  It  is  sometimes  distinguished 
into  ballcut  proper,  or  under  haUasty  which  lies  wholly  below  the 
sleepers  or  other  supports  of  the  rails,  and  boodng,  or  upper  halloitty 
which  is  packed  round  the  sleepers,  chairs,  and  rails^  up  to  within 
two  or  three  inches  of  the  upper  suifEtoe  of  the  rails. 

Examples  of  the  breadth  of  the  upper  surface  of  the  ballast  have 
already  been  given  in  Article  435,  pp.  656,  657.  Its  depth 
varies  in  difierent  lines  and  according  to  the  pmctice  of  different 
engineers;  the  following  may  be  taken  as  its  ordinaiy  limits : — 

Feet  Inches.      Feet.  Inches. 

Lower  ballast, from      o       9    to     i       6 

Upper  ballast,  or  boxing,     „         o       6     to    o       9 

Total  depth, „         i       3    to     2       3 


In  exploring  the  course  of  a  projected  railway,  the  engineer 
should  give  special  attention  to  the  sources  from  which  good  ballast 
can  be  obtaineil 

The  best  material  is  stone,  broken  as  for  road  metal,  into  pieces 
not  exceeding  6  ounces  in  weight  (see  Article  420,  p.  627);  but 
the  stone  does  not  need  to  be  so  hard  as  for  roads ;  it  is  sufficient  if 
it  be  of  such  hardness  as  would  make  it  suitable  for  ordinary  build- 

*  To  admit  of  a  hone  rearing  without  danger  to  the  rider,  12  feet  of  headroooi 
flhould  be  allowed. 


664  OOMBIHISD  STRtTCTDBES. 

ing  purposes.  StoBe  that  decays  readily  by  tlie  action  of  air  and 
moisture  ought  to  be  carefully  avoided  In  the  absence  or  scarcity 
of  suitable  stone,  the  slag  of  iron  works,  broken  to  a  proper  size, 
may  be  used;  or  alum-work  refuse,  which  is  shale  burnt  to  the 
consistency  of  brick ;  or  engine  ashes.  Next  to  broken  stone  and 
slag,  as  a  material  for  ballast,  is  clean  gravel ;  the  lumps  exceeding 
6  ounces  in  weight  being  broken  with  the  hammer.  Clean  sharp 
sand  may  be  used,  but  it  has  the  disadvantages,  that  iu  heavy  Mis 
of  rain  it  may  be  washed  away,  and  that  in  very  dry  weather  it  is 
blown  into  the  air,  and  damages  the  rolling  stock  by  lodging  about 
the  bearings  of  the  axles  and  mechanism.  In  the  absence  of  all 
other  materials,  pieces  of  clay  suitable  for  bricks  may  be  burnt 
until  they  are  hard,  and  then  broken  down  and  used  as  ballast 
As  to  the  qualities  of  such  clay,  see  Article  219,  p.  363. 

The  labour  of  breaking  and  spreading  a  given  quantity  of  ballast 
is  about  twice,  or  2^  times,  that  of  excavating  the  same  quantity  of 
gravel 

438.  Waeyw  are  pieces  of  material  which  rest  on  the  ballast^ 
as  already  stated  (being  firmly  bedded  on  it  by  means  of  a  beetle), 
and  support  the  rails.  At  an  early  period  in  the  histoiy  of  rail- 
ways, stone  blocks  were  used  for  that  purpose ;  they  were  placed  at 
3  feet  apart  from  centre  to  centre,  and  measured,  on  horse-worked 
railways,  about  18  inches  X  12  inches  X  9  inches,  and  on  steam- 
worked  railways,  2  feet  X  2  feet  X  1  foot;  but  they  were  found  to 
form  too  hard  and  unyielding  a  base  for  traffic  at  high  speeds,  even 
with  the  aid  of  pieces  of  felt  under  the  chairs,  and  their  use  was 
abandoned  in  favour  of  that  of  timber  deepen. 

The  best  materials  for  timber  sleepers  are  woods  which  withstand 
alternate  wetness  and  dryness;  and  of  those,  the  most  generally 
employed  in  Europe  is  Larch.  (Article  302,  p.  443.)  Various 
substances  have  been  used  for  the  preservation  of  timber  sleepers : 
the  most  efficient  is  '^  creosote."    (Article  450,  p.  311.) 

Timber  sleepers  are  either  transverse  or  longitudinal  The  former 
afford  a  ready  and  efficient  means  of  preserving  the  gauge;  the 
latter  give  the  most  equable  and  continuous  support  to  the  rails. 

Transverse  or  cross  d&spers  are  usually  about  9  feet  long,  from  9 
to  10  inches  broad,  and  from  4^  to  5  inches  deep.  Their  most 
common  forms  of  cross-section  are  the  semicircular  and  the  tri- 
angular. Semicircular  sleepers  are  made  by  sawing  a  round  log  in 
two  along  the  middle;  they  are  laid  on  the  ballast  with  the  flat 
side  down ;  on  the  upper  or  convex  side  are  cut  with  great  accuracy 
two  fiat  sur&ces  or  ''  seats,"  made  to  fit  the  bases  of  the  chairs,  ^ 
chairs  are  used,  or  of  the  rails,  if  flat-bottomed  rails  are  used  with- 
out chairs;  and  in  those  seats  are  bored  holes  for  the  pins  or  other 
&Btenings  by  which  the  chairs  or  rails  are  fixed  to  them«     Tri- 
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angular  sleepers  are  made  by  sawing  a  squared  log  in  two  by  a 
diagonal  cut ;  they  are  laid  with  the  right  angle  downwards  and 
the  broadest  side  upwards.  The  distance  apart  at  which  cross 
sleepers  are  laid  ranges  from  about  2^  feet  to  4  feet  from  centre  to 
centre;  but  it  seldom  now  exceeds  3  feet^  as  wider  spans  have  been 
found  to  cause  overstraining  of  the  rails. 

LongiludifuU  deepers  or  hearers  are  usually  from  12  to  14  inches 
broad,  and  from  6  to  7  inches  deep,  being  made  by  sawing  a  square 
\nlk  of  timber  in  two.  The  rails  may  either  have  a  continuous 
bearing  on  them,  or  may  be  supported  by  chairs  at  intervals  of  30 
inches  or  3  feet.  When  the  bearing  is  continuous  it  is  usual  to 
bolt  or  screw  a  plank  of  7  or  8  inches  wide  and  1^  inch  thick,  or 
thereabouts,  on  the  top  of  the  sleeper,  and  upon  this  plank  the  base 
of  the  rail  rests.  In  order  to  preserve  the  gauge,  the  pair  of 
longitudinal  bearers  of  a  track  of  rails  must  be  connected  by  means 
of  cross-ties  at  intervals  of  about  5  or  6  yards.  Special  care  should 
be  taken  that  the  ballast  under  the  bearers  is  not  impervious  to 
water,  lest  they  should  confine  water  in  the  middle  of  the  track. 

Longitudinal  and  cross  sleepers  are  sometimes  combined,  the 
cross  sleepers  being  laid  undermost.  In  this  case  the  scantlings  of 
the  cross  sleepers  are  made  less  than  when  cross  sleepers  are  used 
alone,  being  usually  about  7  feet  X  7  inches  X  3^  inches. 

CaM  iron  sleepers  are  used  of  various  forms.  In  Mr.  Greaves's 
form  the  chair  and  sleeper  are  cast  in  one  piece,  the  base  being 
like  an  inverted  bowl,  near  the  summit  of  which  are  two  holes,  so 
that  ballast  can  be  put  into  the  hollow  and  rammed  from  above. 
Tbe  gauge  is  preserved  by  transverse  rods.  In  Mr.  Samuel's  form 
the  rail  is  wedged  with  pieces  of  wood  into  a  sort  of  cast  iron 
trongh  with  flat  spreading  wings.  Another  form  is  simply  a  flat 
oblong  plate,  with  chairs  cast  on  its  upper  sidef  and  a  fourth  is  an 
oblong  trough  wedged  full  of  pieces  of  wood,  on  which  the  chairs 
i^st    (See  Clark  On  Railway  Machinery.) 

439.  B«iU  wmA  Cbftln. — ^The  iron  from  which  rails  are  rolled  is 
^'ither  No.  1  bar  iron,  that  is,  puddled  bars;  or  No.  2  or  3,  that  is, 
^  iron  once  or  twice  piled,  re-heated,  and  rolled,  as  the  case  may 
^;  so  that  the  rails  themselves  consist  of  No.  2,  No.  3,  or  No.  4 
^r  iron.  Piling,  re-heating,  and  rolling  increase  the  compactness 
and  toughness  of  iron  up  to  the  fifth  time,  as  already  stated.  (See 
Table,  p.  511.)  A  common  practice  is,  to  use  No.  1  iron  for  the 
interior  of  the  pile  from  which  a  rail  is  to  be  rolled,  and  No.  2  or 
^0.  3  for  the  outside,  especially  the  top  or  head,  and  the  base; 
sometimes  a  flat  bar  of  charcoal  iron  is  used  for  the  head,  in  order 
that  the  surface  on  which  the  wheels  roll  may  have  greater  strength 
and  durability  than  the  rest. 

^0  use  inferior  sorts  of  iron  in  rails,  in  order  to  chea^  en  them,  is 
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false  eocmomy,  as  ezperienoe  has  shown ;  the  rails  so  produced  being 
liable  to  spread,  split,  and  scale  under  swift  and  heavy  traffic. 

Fig.  280  is  an  example  of  an  ordinary  cross-section  for  a  pile  of 
bars  to  be  rolled  into  a  rail ;  the  top  and  bottom  being  each  formed 
of  a  single  bar,  and  the  other  bars  built  so  as  to  break 
joint. 

The  dimensions  of  the  pile  range  from  6  inches 
broad  by  7  deep,  to  9  inches  broad  by  10  deep;  and 
its  length  is  such  as  to  make  its  weight  onoe  <md  a- 
quarter  that  of  the  rail  to  be  rolled  from  it,  in  orda* 


Figi  280.       to  allow  for  waste. 

The  rail  should  be  rolled  out  at  one  heat,  im- 
mediately after  which  it  is  to  be  cut  to  the  proper  length,  by  sawing 
off  its  ends  with  a  pair  of  circular  saws,  sJready  mentioned  in 
Article  366,  p.  523.  The  ends  should  be  exactly  perpendicular  to 
the  length  of  the  rail 

The  ordinary  lengths  of  rails  range  ftom  15  to  21  feet. 

The  sectional  area  of  a  rail,  in  square  inches,  is  almost  exactly 
one-tenth  of  the  weight  of  one  yard  of  its  length  in  lbs. 

On  horse- worked  railways,  the  weight  of  the  rails  per  yard  ranges 
from  28  lbs.  to  35  lbs.,  the  former  weight  being  barely  sufficient  for 
durability.  On  the  earlier  of  the  high  speed  locomotive  lines»  a 
weight  of  about  60  lbs.  to  the  yard  was  adopted ;  but  the  continual 
increase  of  the  weight  and  speed  of  engines  has  rendered  neoessary 
a  continual  increase  in  the  weight  of  rails ;  so  that  it  now  ranges 
from  70  to  100  lbs.  per  yard,  or  thereabouts. 

As  a  general  rule,  it  may  be  stated  that  the  u)eighi  of  a  yard  of 
railf  \f  supported  at  intervalsy  should  be  15  lbs.  for  eac4  ton  o/the 
greatest  load  on  one  driving  wheeL    When  the  bearing  is  continuous, 
about  five-sixths  of  that  weight  is  sufficient 

The  head  or  top  of  a  rail  is  usually  about  2^  inches  broad,  and 
has  a  very  slight  convexity  in  the  middle,  the  radius  of  which  is 
from  5  to  7  inches.     In  laying  the  rails  they  are  carefully  adjusted 
to  the  true  gauge  by  means  of  a  gauge-rod  with  shoulders  on  it  at 
the  proper  distance  apart     On  straight  lines  the  heads  of  the  two 
rails  should  be  exactly  at  the  same  level,  and  in  curves  they  should 
be  set  to  the  proper  "  cant,'*  as  already  explained  in  Article  434, 
p.  649.     If  cylindrical  wheels  are  used  for  the  rolling  stock,  the 
highest  part  of  the  head  of  each  rail  should  be  a  tangent  to  a  level 
line,  or  a  line  inclined  at  the  proper  cant,  as  the  case  may  be ;  but 
if  the  wheels  are  tapered,   the  rails  must  be  inclined  inwardi« 
towards  each  other  so  as  to  be  tangents  at  their  highest  points  to 
the  conical  treads  of  the  wheels.     This  inward  inclination  is  given, 
where  chairs  are  used,  by  casting  the  chairs  so  that  their  jaws  may 
hold  the  rail  in  the  proper  position. 
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The  figures  adopted  for  the  cross-sections  of  rails  vary  with  the 
modes  in  ybich  they  are  supported     A  rail  may  be  either 

(1.)  Supported  on  the  base  and  stayed  at  the  sides,  or 
[2.^  Supported  on  a  broad  base  alone,  or 
[3.)  Hung  by  the  shoulders; 

and  the  bearings  may  be  either 

(A)  at  intervals  (generally  about  3  feet) ;  or  (B)  continuous. 

In  figs.  281,  282,  283,  and  2Si,  the  cross-section  of  the  rail  is  of 
the  I-^haped,  double  T-shaped,  or  "double-headed'*  figure,  at  pre- 
sent more  generally  used  than  any  other.  Wben  this  figure  was 
first  introduced,  it  was  intended  that  on  the  top  becoming  too 


f1g.2Sl. 


Hg.  V82. 


%  283. 


Hg.  284. 


Fig.  285. 


Fig.  28S. 


much  worn  for  further  use,  the  rail  should  be  turned  upside  down ; 
bat  in  general,  by  the  time  the  top  is  worn  out,  the  rail  is  unfit  for 
further  use.  The  usual  weight  of  rails  of  this  form  is  75  lbs.  per 
yard,  and  their  depth  5  inchea  In  fig.  281  the  rail  A  is  shown  as 
supported  by  a  common  cast  iron  chair  B  B,  which  is  pinned  by 
t^o  compressed  oak  treenails,  D,  D,  to  a  cross  sleeper  R  The  rail 
''ssts  by  its  base  or  foot  on  the  bottom  of  the  chair,  and  is  kept 
steady  by  being  firmly  held  between  the  inner  jaw  of  the  chair 
and  a  compressed  oak  wedge  or  key,  C,  which  is  driven  between  the 
^1  and  the  outer  jaw. 

The  Hiner  faces  of  the  jaws  or  cheeks  of  the  chair  are  chilled. 
(See  Article  352,  p.  499.)  An  ordinary  chair  weighs  about  as 
^uch  as  one  foot  of  the  rail  which  it  is  intended  to  support;  9l  joint" 
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ehaiVf  for  supporting  the  enda  of  two  acyoiniog  rails,  is  from  one- 
third  to  one-half  heavier,  and  its  outer  end  is  usually  fisistened 
down  hj  two  pins  instead  of  one.  Fig.  282  represents  a  sort  of 
joint>chairy  introduced  by  Mr.  William  Johnstone,  which  has  been 
found  to-  answer  well ;  it  is  slid  on  to  the  rails,  which  its  jaws  fit 
exactly. 

It  has  now,  however,  become  very  generally  the  practice  to  con- 
nect adjoining  rails  by  the  fisk-joini;  the  ends  of  the  rails  being 
supported  by  a  pair  of  ordinary  chairs,  which  they  overhang  by  li 
or  15  inches,  and  being  united  to  each  other  by  a  pair  oi  fishrpieoes, 
about  18  or  20  inches  long,  bolted  together  through  the  reals  by 
four  bolts.  Fig.  283  shows  in  cross-section  the  figure  of  which  the 
fish-pieces  are  made  in  order  that  they  may  abut  at  their  upper  and 
lower  edges  against  the  head  and  foot  of  each  rail,  and  thus  be 
wedged  into  tbeir  places.  The  bolt-holes  in  the  rails  are  made 
slightly  oblong  horizontally,  to  allow  for  changes  of  length  by  heat 
and  cold,  which  may  amount,  in  ordinary  cases,  to  about  l-2000th 
or  1 -2500th  of  the  length  of  each  rail  (p.  527). 

Fig.  284  is  the  bra^et  fiah-joint,  in  which  the  fish-pieces  are  of 
angle  iron,  and  answer  the  purpose  of  a  joint-cliair;  their  hori- 
zontal bases  being  bolted  down  to  a  pair  of  cross  aleepera 

Among  rails  which  are  supported  on  a  broad  bctse  without  ckairs 
may  be  mentioned  the /oat  rail,  &g.  285,  which  is  fietstened  down,  by 
means  of  fang-bolts  to  longitudinal  or  cross  sleepers;  the  bridge  rati 
(fig.  229,  p.  518),  and  the  Barlow  rail  (fig.  230,  p.  518). 

Bridge  rails  are  made  from  3  to  5  inches  deep,  and  from  7  to  6 
inches  in  breadth  of  base,  and  are  bolted  to  the  sleepers,  either 
through  slightly  oblong  holes,  or  by  fiemg-bolts  holding  down  the 
edges  of  the  base.  When  supported  on  a  continuous  bearing,  they 
weigh  about  65  lbs.  per  yard;  when  supported  at  intervals  on  cross 
sleepers,  82  lbs.  per  yard.  In  the  latter  case  each  joint  is  secured 
by  holding  the  bases  of  the  two  rails  between  a  pair  of  cast  iron 
jaws,  drawn  together  by  transverse  bolts  which  pass  under  the 
rails.  (This  system  was  introduced  by  Sir  John  MacneiU,  and  is 
used  on  Irish  Hues). 

The  Barlow  rail  is  now  made  with  a  portion  of  each  wing  flat 
and  horizontal,  so  that  it  approaches  somewhat  nearer  to  the 
bridge  shape  than  fig.  230  showa  It  is  about  a  foot  broad,  5 
or  6  inches  deep  over  all,  and  weighs  from  90  to  100  lbs.  per  yajxi. 
It  rests  directly  on  the  ballast,  without  sleepers  or  chairs,  and  the 
gauge  is  preserved  by  means  of  cross-ties  of  angle  iron.  The  joint 
is  in  fact  a  sort  of  fish-joint,  the  ends  of  the  rails  being  connected 
together  by  being  bolted  through  oblong  holes  to  a  sadcUe-pwce, 
3  feet  long,  which  is  a  bar  somewhat  resembling  the  rails  in  cross- 
section,  and  made  exactly  to  fit  the  hollow  at  the  under  side  of  the  raiL 
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The  system  of  supporting  rails  by  the  shouldera  of  the  enlarged 
head,  which  is  the  most  £siYourahle  of  all  to  steadiness,  was  practised 
more  than  twenty  years  ago,  with  the  shallow  T-shaped  rails  then 
used  for  horse- worked  railways,  by  Mr.  David  Rankinei;  but  it  was 
not  suited  to  the  deep  rails  employed  on  locomotive  lines  without 
the  aid  of  contrivances  which  have  only  of  late  been  invented  by 
Mr.  W.  R  Adams. 

Fig.  286  represents  Mr.  Adams's  suspended  girder  rail,  in  which 
the  vertical  web,  not  having  to  sustain  compression,  is  made  thinner 
and  deeper  than  in  ordinary  rails,  so  that,  for  example,  a  rail  of  75 
lbs.  to  the  yard  is  7  inches  deep.  The  rail  A  has  a  continuous  bearing 
at  the  shoulders  upon  a  pair  of  angle  iron  brackets,  B,  B,  whose 
lower  edges  press  against  the  foot  of  the  rail,  so  that  they  are 
wedged  into  the  hollow  sides  of  the  rail  by  bolts,  C,  about  3  feet 
apart,  passing  through  oblong  holes.  D  is  a  cross  tie-bar,  to  pre< 
serve  the  gauge.  The  total  breadth  across  the  wings  of  the 
brackets  ranges  from  9  to  14  inches,  according  to  the  weight  of  the 
tmlfic;  and  those  wings  rest  directly  on  the  ballast.  The  rails 
and  the  brackets  are  laid  so  as  to  break  joint.  Another  mode  of 
constructing  this  sort  of  permanent  way  is  to  substitute  pieces 
of  creosoted  timber,  about  5  inches  square,  for  the  angle-iron 
bracket& 

440.  Balb  1^  li«f«l  Cf—lwf  •f  RMUb. — ^When  the  covering  of 
a  road  is  of  broken  stone,  the  ordinary  permanent  way  of  the  rail- 
way may  be  laid  across  it,  with  the  heads  of  the  rails  rising  about  f 
of  an  inch  above  the  road  metal  Switches,  points,  and  crossings 
of  rails  should  not  occur  on  a  level  crossing  of  a  road,  nor  should 
any  rails  on  such  a  crossing  approach  nearer  to  each  other  than 
about  6  inches,  lest  horses  should  be  injured  or  disabled  by  their 
feet  being  wedged  between  rails,  or  the  caulkers  of  their  shoes, 
used  in  frosty  weather,  getting  jammed  in  the  openings  of  points, 
switches,  and  rail  crossings. 

Crossings  of  paved  roads  also  may  be  made  with  the  ordinaiy 
tails,  grooves  for  the  flanges  of  the  wheels  being  cut  iu  the  paving- 
stones  alongside  of  the  nuls. 

Hails  of  a  special  form  are  sometimes  used  for  level  crossings  of 
roads.  They  are  usually  H-formed,  the  upper  side  presenting  a 
groove  about  2  J  inches  broad  and  1^  inch  deep,  between  two 
Hanges,  the  outer  of  which,  being  the  head  of  the  i-ail  on  which  the 
wheel  runs,  must  be  2^  inches  broad.;  while  the  inner  flange  may 
be  of  the  same  breadth  or  of  a  less  breadth,  according  as  the  rail  is 
to  be  reversible  or  not. 

441.  JHHCtlMia  B.n4t  Connections  of  tAnem  of  Rail* — Tmvenen — 
TnmtBbieB. — I.  The  junction  of  two  lines  of  rails  is  eflected  either 
by  means  of  a  pair  of  those  tapering  moveable  rails  called  switches^ 
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ooxwected  together  and  worked  by  the  same  handle,  or  by  means  of 
a  switch  at  the  side  fr<im  which  a  carriage  leaving  the  main  line 
turns,  and  a  fixed  fOMd  at  the  other  side.  The  former  amnge- 
ment  is  considered  the  safer  where  the  speed  of  the  traffic  is  great. 

On  a  narrow  gauge  line,  the  ordinary  distance  between  the  tip  of 
the  switch  and  the  crosmkg^  where  the  two  tracks  finally  become 
clear  of  each  other,  is  about  80  feet,  so  that  if  one  of  iiie  tracks  is 
straight  the  other  has  a  curvature  of  about  640  feet  mdins. 

Switches  are  made  self-acting  by  a  weight  which  pulls  them  into 
that  position  which  suits  the  main  stream  of  trafBc,  so  that  they 
require  to  be  held  by  force  in  the  contrary  position.  The  handles 
by  which  switches  are  worked  are  so  shaped  and  painted  that  their 
position  can  be  distinctly  seen  from  a  considerable  distancei 

It  was  formerly  the  practice  to  notch  the  sides  of  the  fixed  rails 
so  as  to  receive  the  tips  of  the  switches ;  but  this  has  been  rendered 
unnecessary  by  the  introduction  of  an  improved  fonn  of  switch** 

As  far  as  possible,  switches  on  the  main  tracks  of  a  line  of  raO- 
way  should  point  in  the  ordinary  direction  of  the  traffic ;  facing- 
poinUf  as  those  which  point  in  the  contrary  direction  are  called, 
should  only  be  used  in  cases  of  necessity,  and  then  with  precautions 
sufficient  to  obviate  the  risk  of  a  train  being  accidentally  turned  on 
to  a  wrong  line. 

II.  A  eonnecUon  between  two  parallel'  lines  of  rails  is  ttnually 
made,  where  there  is  room  enough,  by  means  of  an  oblique  line  of 
rails  with  switches  at  each  end.  On  the  narrow  gauge,  the  lengdi 
of  such  a  connection  is  about  180  feet. 

III.  A  tra/wrser  affords  the  most  convenient  mode  of  shifting 
carriages  between  parallel  lines  of  rails  at  a  terminal  station,  where 
there  is  not  room  enough  for  an  ordinary  connection.  It  is  a  plat- 
form supporting  a  line  of  rails,  long  enough  for  a  carriage  to  stand 
upon,  and  supported  on  wheels  which  roll  on  a  transverse  line  of 
rails  at  a  lower  level 

lY.  Tva^ntahlea  serve  to  connect  lines  of  rails  which  cross  each 
other  at  right  angles,  or  which  radiate  from  a  central  point.  A 
turntable  consists  essentially  of  the  following  parts: — ^A  foxmdation 
of  masoniy  or  concrete,  a  circular  cast  iron  base,  having  a  pivot  in 
the  centre,  and  a  race  or  track  for  rollers  round  the  circumference; 
a  set  of  conical  rollers,  carried  in  a  finame  which  turns  about  the 
pivot;  a  deck  or  platform,  supported  on  the  pivot  at  its  centre  and 
on  the  rollers  at  its  circumference,  carrying  one  or  more  lines 
of  rails,  and  provided  with  one  or  more  catches  to  fix  it  in  dif- 
ferent positions  The  greater  the  proportion  of  the  wei^t  borne 
by  the  pivot,  and  the  less  that  borne  by  the  rcdlers,  the  less  is  the 
friction. 

*  Fint  introduced  by  Meaan.  Banaome  and  May. 
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A  turntable  which  floats  in  a  cylindrical  water-tank  was  in- 
vented bj  Mr.  Adams. 

Carriage  turntables  are  nsnallj  12  or  14  feet  in  diametor,  and 
carry  two  lines  of  rails  at  right  angles  to  each  other. 

A  turntable  for  an  engine  and  tender  is  40  feet  in  diameter,  or 
thereabouts;,  it  usually  carries  but  one  Une  of  rails,  and  is  turned 
round  by  the  aid  of  wheel  work.  Such  turntables  are  required  at 
stations,  to  reverse  the  engines,  independently  of  the  connection  of 
lines  of  rails.  Turntables  for  engine  sheds  are  occasionally  made 
with  two  parallel  Unes  of  rails. 

For  details  as  to  the  construction  of  these  and  other  railway 
fittings^  see  Mr.  D.  K.  Clark's  work  On  Rmlway  Machinery, 

442.  SiBtlMM. — The  best  positions  for  stations,  in  a  purely 
engineering  point  of  view,  and  the  manner  in  which  they  affect 
questions  of  curves  and  gradients,  have  already  been  discussed  in 
Article  435,  ji.  658.  It  may  here  be  added  that  the  engineer 
should  specially  attend  to  the  means  of  draining  the  stations, 
of  supplying  them  with  good  water,  and  of  getting  access  to  them 
by  roadways,  for  the  arrival  and  departure  of  passengers  and 
goodsL  Passenger  platforms  are  from  2  to  3  feet  above  the  level  of 
the  rails,  and  are  best  made  of  strong  flags  resting  on  longitudinal 
walls;  at  their  ends,  they  should  descend  gradually  to  the  level  of 
the  rails  by  rampa  or  slopes  of  about  1  in  10,  rather  than  by  flights 
of  steps.  They  should  be,  according  to  Mr.  Clark,  at  least  20  feet 
broad  when  used  at  one  side,  30  or  40  when  used  at  both  sides; 
but  they  are  often  made  of  much  smaller  breadths.  The  roof 
should,  if  possible,  be  in  one  span  over  the  whole  station ;  if  inter- 
mediate pillars  are  used,  they  should  be  placed  in  the  middle 
of  broad  platforms,  and  not  near  lines  of  rails  if  it  can  be 
avoided ;  they  should  never,  on  any  account,  be  nearer  a  line  of  rails 
than  4  feet  Care  should  be  taken  that  sheds  have  proper  means 
of  ventilation.  The  extent  and  arrangement  of  the  station  and  its 
flttings,  as  affected  by  questions  of  the  amount  of  traffic  and  the 
best  means  of  acconmiodating  it,  are  foreign  to  the  subject  of  the 
present  work.  For  examples  of  stations,  see  Mr.  Clark's  aiticle 
"  On  Bail  ways  *'  in  the  Encyc,  Brit, 

442  A.   Pip«-€idTwla— SUIe-PMU— OnUll€Bl>PMai  — Telegniph* — 

The  constniction  of  culverts  large  enough  to  be  accessible  for  pur- 
poses of  repair,  in  order  to  carry  gas-pipes  and  water-pipes  under  a 
railway,  is  enjoined  by  law  in  Britain ;  as  is  also  the  erection  of 
numbered  mile-posts  at  eveiy  quarter  of  a  mile.  Gradient-posts,  at 
changes  of  gradient,  having  boards  to  show  the  direction  and  rate  of 
inclination,  are  useful  to  the  engine  drivers.  Where  ti'ains  run  at 
very  short  intervals,  a  line  of  electric  telegraph  may  be  considered 
as  almost  essential  to  the  safe  working  of  Uie  railway. 
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CHAPTER  II. 

OF  THE  OOLLECnOK,   OOmrETANCE,  AND  DISTRIBUnOir  OF  WATER. 

Sectiok  L — Thoory  of  the  Flow  of  WcUei',  or  qfHydraulies, 


443.  l»fij— ra  •r  Water— ll«iUi. — The  laws  of  the  pressure  of  a 

mass  of  water,  when  at  rest,  against  any  surface  whidi  it  touches, 
have  already  been  explained  in  Article  107,  pu  164. 

In  aU  questions  of  hydraulics,  it  is  convenient  to  express  the 
intensity  of  the  pressure  of  water  in  feet  of  wetter;  that  is,  in  terms 
of  the  intensity  of  the  pressure  of  a  column  of  water  one  foot  high 
upon  its  base,  as  an  unit  A  pressure  so  expressed  is  sometimes 
called  a  hecui  of  preeeure.  In  p.  161  two  values  of  that  unit,  for 
pure  water  at  the  temperatures  of  39°'l  and  62°  respectively,  have 
been  compared  with  other  units;  in  the  following  table  a  com- 
parison of  the  same  sort  is  given  in  greater  detail,  the  heavi- 
ness assigned  to  pure  water  being  62*4  lbs.  per  cubic  foot,  which 
is  almost  perfectly  exact  at  a  temperature  of  about  52^-3  Fahren- 
heit, and  near  enough  to  the  truth  for  pnictical  purposes  at 
other  temperatures,  and  is  also  a  convenient  value  for  calcu- 
lation : — 

Comparison  of  Heads  of  Water  ik  Feet,  with  Pressures  ik 

Various  UNns. 

One  foot  of  water  at  52^*3  Fahr.  =62*4        lbs.  on  the  square  foot 

0*4333  lb.  on  the  square  indi. 
0*0295  atmosphere. 
0*8823  inch  of  mercury  at  32^ 
J  feet  of  air  at  32®,  and 
"  ''^  (      one  atmosphere. 

One  lb.  on  the  square  foot, ox>i6o26  foot  of  water. 

One  lb.  on  the  square  inch, 2*308        feet  of  water. 

One  atmosphere  of  29*922  inches  ) 

of  mercury,  J     ^^  ^  "  *' 

One  inch  of  mercury  at  32°, I'i334        >i  99 

One  foot  of  aii*  at  32°,  and  one  ) 

atmo8phe«, f      0001294    „ 

One  foot  of  average  sea  water, ....       i  -026        foot  of  pure  water. 
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The  TOTAL  HEAD  of  a  given  particle  of  water  is  found  by  adding 
together  the  following  quantities :— * 

The  kead  c/preefure,  <»*  intensity  of  the  pressure  exerted  by 

the  particle,  expressed  in  feet  of  water. 
The  head  o/devciion,  or  actual  height  of  the  particle  above 

some  fixed  or  "  datum  "  level 

In  stating  the  pressure  or  head  of  a  particle  of  water,  it  is  usual 
not  to  include  tiie  atmosphenc  pressure,  so  that  the  absolitte  or  true 
pressure  exceeds  the  pressure  as  stated  in  the  customary  way  by 
one  atmosphera  When  the  absolute  pressure  is  exactly  one  atmo- 
^here,  the  pressure  as  stated  in  the  customary  way  is  nothing; 
▼hen  the  absolute  falls  short  of  the  atmospheric  pressure  by  so 
maoy  lbs.  on  the  square  inch^  or  so  many  feet  of  water,  the 
customary  mode  of  stating  that  fact  is  to  say  that  there  are 
BO  many  lbs.  on  the  square  wch,  or  so  many  feet,  of  vacuum. 

The  atmospheric  pressure,  at  the  level  of  the  sea,  varies  from 
about  32  to  35  feet  of  water,  and  diminishes  at  the  rate  nearly  of 
1-lOOth  part  of  itself  for  each  262  feet  of  elevation  above  that 
level 

444.  T^biBie  BBd  Hcsa  Vel««lt7  •f  Ftow. — The  volume  of  fiov) 

or  dischowge  of  a  stream  of  water  is  e^qvressed  in  units  of  volume 
per  miit  of  time. 

The  most  convenient  unit  of  volume  is  the  cvhic  foot;  but  in 
calculations  relating  to  the  water  8up]dy  of  towns  it  is  customaiy 
to  use  the  gaUcn. 

The  following  is  the  relation  between  those  units : — 

One  gallon  =  0'1604  cubic  foot  (being  10  lbs.  of  water) ;  and 
One  cubic  foot  =  6*2355  gallons; 

but  in  ordinary  calculations  respecting  water-works  it  is  sufficiently 
Accurate  to  make  one  gallon  =s  0*16  cubic  foot,  and  one  cubic  foot 
=  6|  galloDs. 

Ot'  different  units  of  time,  the  second  is  the  most  convenient  in 
mechanical  calculations;  the  minute  is  the  customary  unit  in 
stating  the  discharge  of  streams;  the  hour,  the  day,  and  larg» 
periods  are  used  in  calculations  as  to  drainage  and  water  supply. 

The  variety  of  units  of  discha/rge  is  thus  very  great.  The  cubic 
foot  per  second  is  the  most  convenient  in  mechanical  calculations. 

The  meoM  vdocity  of  a  stream  at  a  given  cross-section  is  found  by 
dividing  the  discharge,  or  volume  of  flow,  by  the  area  of  the  cross- 
section,  and  is  most  conveniently  expressed  in  feet  per  second. 

445.  drcaiMt  uM4k  ijtmm  ▼eUcitica. — ^Inasmuch  as  every  stream 
^  fluid  that  flows  in  a  channel  is  retarded  by  friction  against  the 

2x 
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material  of  tbe  channel^  the  velocity  of  the  fluid  particles  is  dif- 
ferent at  different  points  of  the  same  crossHs^ction,  being  greatest 
in  the  centre  and  least  at  the  border.  In  open  channeXa^  like 
those  of  rivers,  the  ratio  of  the  mean  velocity  to  the  greatest  or 
cent^  velocity  is  given  approximately  by  the  following  formula  of 
Prony: — 

mean  velocity  _  greatest  velocity  +  7*71  feet  per  second  ... 
greatest  velocity     greatest  velocity +10*28  feet  per  second*  ^  '' 

The  least  velocity,  or  that  of  the  particles  in  contact  with  the 
bed,  is  about  as  much  less  than  the  mean  velocity  as  the  greatest 
velocity  is  greater  than  the  mean.  In  ordinary  cases,  the  leasts 
mean,  and  gi'eatest  velocities  may  be  taken  as  beating  to  each  other 
nearly  the  proportions  of  3,  4,  and  5.  In  very  slow  currents  they 
are  nearly  as  i,  3,  and  4. 

446.  GcHcmi  PrtadplM  •f  OtaaJr  Fl«w. — ^The  steodif  motion  of  a 
mass  of  fluid,  as  distinguished  from  unsteady  motion,  means  that 
kind  of  motion  in  which  the  velocity  and  direction  of  motion  of  a 
particle  depend  on  its  position  alone,  and  not  jointly  on  position 
and  time;  so  that  each  particle  of  the  series  of  particles  which 
successively  come  to  a  given  point,  assumes  a  certain  velocity  and 
direction  of  motion  proper  to  that  point.  It  is,  in  short,  the 
motion  of  a  pennomerU  current,  as  distinguished  from  that  of  a 
varying  current,  or  that  of  a  wave. 

In  order  to  acquire  velocity  from  a  state  of  rest,  or  an  increase  of 
velocity,  a  fluid  [Mrticle  must  pass  from  a  place  of  greater  UOal  head 
to  a  place  of  less  total  head.  This  it  may  do  either  by  actual 
descent  from  a  higher  to  a  lower  level,  or  by  passing  from  a  place 
of  more  intense  pressure  to  a  place  of  less  intense  pressure,  or  by 
both  those  changes  combined.  The  loss  of  head  thus  incurred  is 
connected  with  the  velocity  produced  by  the  following  laws : — 

I.  In  a  liquid  without  friction  the  loss  of  head  in  producing  a 
given  increase  of  velocity  is  equal  to  the  height  of  vertical  fall  which 
woidd  produce  the  same  increase  of  velocity  in  a  body  £alling  freely ; 
in  other  words,  the  loss  of  head  is  equal  to  the  hkgkt  due  to  the 
acoeUraJsion ;  and  if  the  particle  starts  from  a  state  of  rest,  that  height 
is  called  the  hdglU  due  to  the  velocity,  and  is  given  by  the  follow- 
ing  formula,  where  v  is  the  velocity  in  feet  per  second : — 

height  in  feet  =  «*  -f.  64*4 (1.) 

II.  If  the  motion  of  the  liquid  is  impeded  by  friction,  there  is  an 
additional  loss  of  head,  bearing  to  the  height  due  to  the  velocity  of 
flow  a  certain  proportion,  depending  on  the  flguro  and  dimensiona 
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of  the  diannel  and  openings  trayersed  by  tbe  stream,  and  other 
circumstances. 

The  combination  of  those  two  principles  may  be  thus  expressed : 
Let  A  denote  the  loss  of  head,  in  feet;  then 

*=(i+F)6^; <2-) 

in  which  F  is  a  factor,  determined  by  experiment,  expressing  the 
proportion  which  the  loss  of  head  by  friction  bears  to  the  height 
doe  to  the  velocity. 

The  inverse  formula,  for  finding  the  velocity  firom  the  loss  of 
head,  is  as  follows : — 


.  =  8025^'     A      (3.) 


+  F 

The  velocity  computed  from  a  given  height,  on  the  supposition 
that  there  is  no  friction,  by  the  formula  v  =  8*025  a^^is  sometimes 
called  the  "  theoretical  velocity." 

In  an  open  channel  the  loss  of  head  h  consists  wholly  in  dimi- 
nution of  the  "  head  of  elevation,"  and  is  the  actual  fail  of  the  upper 
surface  of  the  stream.  In  a  close  pipe  it  may  consist  wholly  or 
partly  of  diminution  of  the  "  head  of  pressure,"  and  is  then  called 
virUud/aU.     To  express  this  in  symbols. 

Let  z^  denote  the  elevation  above  a  fixed  datum,  and 

Pij  the  head  of  pressure  at  a  point  in  the  reservoir  from 

which  a  pipe  is  supplied,  the  velocity  at  that  point 

being  insensible,  so  that 
i»2  +  jOj  is  the  total  head  in  still  water;  also  let 
z  denote  the  elevation  above  the  datum,  and 
p,  the  head  of  pressure  at  a  given  point  in  the  pipe,  at  which 

the  loss  of  head,  as  computed  by  equation  2,  is  h;  then 

the  total  head  at  this  point  is, 

»  +  p  =  «i  +  Pi  — A; (4.) 

and  the  pressure,  in  feet  of  water,  is 

p-z^+Pi  —  z  —  h. (5.) 

The  pressure  of  flowing  water,  as  thus  diminished  by  loss  of 
head,  is  called  hydraulic  pressubb,  to  distinguish  it  from  the 
pressure  of  still  water,  caUed  hydrostatic  pressure. 

In  an  open  channel,  equation  5  is  simplified  by  the  fiict  that  for 
the  upper  surfeuse  of  the  stream,  and  all  surfiEuies  parallel  to  it,  h  is 
simply  =sZi  —  z;  ao  th^tp  =Pif  if  the  two  pomts  are  at  equal 
depths  below  the  sur&ce. 


ere 
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Tf  the  water  has  a  sensible  velodty  of  flow  at  thB  iiartimg 
poinlj  the  loss  of  head  required  is  diminished  to  the  extent  of  the 
height  dae  to  that  vdocity  ofajyproachy  as  it  is  called.  Thus,  let  v^ 
be  the  velocity  of  approach;  then^  instead  of  equation  2,  we  must 
use  the  following : — 

*  =  <l  +  ^-6Ti-6Ti' <«•> 

and  if  Oq  bears  a  kncwn  rcu^  to  v,  let  that  ratio  be  r^  -&-  o  r=  r;  then 
the  above  equation  becomes, 

A  =  a+F-r«)^; (7.) 

which  gives,  for  the  inverse  form\ila, 

r  =  8-025y^^ZJZi: (a) 

When  a  stream  flows  with  an  umform  spesd  down  an  uniform 
ehannd,  and  two  cross-sections  of  that  channel  are  compared  together, 
the  vdocities  Vq  and  v  are  equal,  and  r  =  1 ;  in  this  case,  the  whole 
loss  of  head  between  the  two  cross-sections  is  expended  in  overooniing 
friction;  and  equations  7  and  8' are  reduced  to  the  following: — 

hz=rVv^^  644; (9.) 

V  =  8025  Jh^F. (10.) 

The  following  table  gives  examples  of  heists  in  feet  due  to 
Telooities  in  feet  per  second,  as  oompnted  hj  equation  1.  It  is 
exact  for  latitude  54°|,  and  near  enough  to  exactness  for  practical 
purposes  in  all  latitudes.  The  most  convenient  table,  however,  for 
calculating  either  heights  from  velocities  or  velocities  from  heights 
is  an  ordinary  table  of  squares  and  square  roots : — 

•        Height  9      HeUrtat  •      Hdght         9      Height         «        Height 

1  x)i5528  17  4*4875  32*2  i6'ioo  48  35776  76  89-688 

2  *o62iii  18  5'03io  33  16*910  49  37*282  78   94*471 

3  •iSjyS  19  5'6o55  34  17-950  50  38-819  80   99-377 

4  *24844  20  6*2111  3 J  19*021  52  41*987  82  104-41 
•38819  21  6-8477  36  20-124  54  45-279  84  IC9-C6 
-55900  22  7*5153  37  21*257  56  48*695  S6  114*84 
7S086  23  8*2141  38  22*422  58  52-235  88  120*25 
•99377  24  8-9439  39  23-618  60  55900  90  125*77 

9  1-2577  25  9-7048  40  24-844  62  59-688   92  131-43 

10  1*5528  20  10*497  41  26-102  64  63^1    94  137:20 

11  1-8789  27  11*320  42  37*391  64*464-400   96  143-10 

12  2^2360  ^  12*174  43  28*711  66  67*639   98  149*13 

13  2-6241  29  I3X)59  44  30-062  68  71-800   100  155*28 

14  3*0434  30  13-975  45  •31-444  70  76*086 

15  3-4937  31  14-922  46  32-857  72  80-496 
»6  3-9751  3*  15-900  47  34-301  74  851029 


FBICnON  OF  WATEB.  677 

447.  FrictiMi  •r  Wafer. — ^The  following  are  the  values  of  the 
factor  of  friction  F  in  the  formulsB  of  Article  446,  as  asoertaiued  hj 
experiment,  for  the  cases  of  most  common  occuirence  in  practice, 

I.  Fridion  of  an  orifioe  m  a  thin  pkU^ — 

F  =  0054 (1.) 

IL  Friction  o/motUhpieces  or  entrances  from  reservoirs  into  pipes. 
— Straight  cylindrical  mouthpiece,  perpendicular  to  side  of  reser- 
voir— 

F  =  0-505 (2.) 

The  same  mouthpiece  making  the  angle  0  with  a  perpendicular  to 
the  side  of  the  reservoir — 

F  =  0-505  +  0-303  sin  tf  +  0-226  sin«  0. (3.) 

For  a  mouthpiece  of  the  form  of  the  "  contracted  vein/'  that  is, 
one  somewhat  bell-shaped,  and  so  proportioned  that  if  (;}  be  its 
diameter  on  leaving  the  reservoir,  then  at  a  distance  d  -^  2  fi-om 
the  side  of  the  reservoir  it  contracts  to  the  diameter  *7854  d^ — ^the 
resistance  is  insensible,  and  F  nearlj  =  0. 

III.  Friction  at  sudden  enlargements. — Let  A^  be  the  sectional 
area  of  a  channel,  dischai-ging  Q  cubic  feet  of  water  per  second,  in 
which  a  sluice,  or  slide  valve,  or  some  such  object,  produces  a 
sudden  contraction  to  the  smaller  area  a,  followed  by  a  sudden 
enlargement  to  the  area  A^.  Let  v  =  Q  -s-  Aj  be  the  velocity 
in  the  second  enlai^ed  part  of  the  channel  The  effective  area  of 
the  orifice  a  will  he  c  a,  c  being  a  co-efficient  of  contraction  of  the 
stream  flowing  through  it^  whose  value  may  be  taken  at  *618  -s. 


V 
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1  —  '618 -Yi*     Let  the  ratio  in  which  the  e£fective  area  of  the 
channel  is  suddenly  enlarged  be  denoted  by 

r  =  Aj^ca  =  ^>v/ (2-618  —1-618  J.) (4.) 

Then  r  v  is  the  velocity  in  the  most  contracted  part  It  appears 
that  all  the  energy  due  to  the  d^erence  of  the  velocities,  r  v  and  v, 
is  expended  in  fluid  friction,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

('-l)*-2^5 (5.) 

ao  that  in  this  case 

F  =  (r— 1)2  (6.) 

IV.  Friction  in  pipes  and  conduits. — ^Let  A  be  the  sectional  area 
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of  a  channel;  b  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel, 80  that  Ibis  the  frictional  surface ;  and  for  brevity's  sake  let 
A  -i-  b  :=  m;  then,  for  the  Mction  between  the  water  and  the 
aides  of  the  channel — 

F  ==/••  ^==^; (7.) 

A       m  ^   ' 

in  which  the  co-efficient/ has  the  following  values : — 

For  iron  pipes, /=  0-0036  + —/^i^ (8.) 

For  open  oonduitsy=0'00741  +^:92???Z (9.) 

The  quantity  m  =  A  ^  5  is  called  the  "  hydropic  moan  dejpUi^  of 
channel,  and  for  cylindrical  and  square  pipes  running  full  is 
obviously  (yn»-fourih  of  the  diameter;  and  the  same  is  its  value  for 
a  semicylindrical  open  conduit,  and  for  an  open  conduit  whose 
sides  are  tangents  to  a  semicircle  of  a  diameter  equal  to  twice  the 
greatest  depth  of  the  conduit. 

In  an  open  conduit^  the  loss  of  head, 

»=i'-^ <•«•) 

takes  place  as  an  actual  fidl  in  the  sur&oe  of  the  water,  producing 
a  declivity  at  the  rate 


tr=    =^-  — ; (11.) 
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and  by  the  last  two  formul®  are  to  be  determined  the  fall  and  tbe 
rate  of  declivity  of  open  channels  which  are  to  convey  a  given  flow. 
In  close  pipes,  the  loss  of  head  takes  place  in  the  total  head;  and 
the  ratio  i  =  A  -4-  ^  is  called  the  virtwd  d«iLivUy. 

Y.  For  bends  in  drcida/r  pipes,  let  d  be  the  diameter  of  the  pipe, 
f  the  radius  of  curvature  of  its  centre  line  at  the  bend,  3  the  angle 
through  which  it  is  bent,  x  two  right  angles;  then,  according  to 
Professor  Weisbach, 

P  =^{0131  + 1-847  (^)*} (12.) 

YL  For  h«ndt  in  rectangvlar  pipes, 

F  =^ { 0-124  + 3104  (^)* I (13.) 
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VIL  For  knee»,  or  sliarp  turns  in  pipes,  let  $  be  the  angle  made 
bj  the  two  portions  of  the  pipe  at  the  knee;  then 

F  =  0-946  sin* ^  +  205  sin*^ (14.) 

VIIL  Summary  of  losses  of  liead, — ^When  several  sucoessiye 
causes  of  resistance  occur  in  the  course  of  one  stream,  the  losses  of 
head  arising  from  them  are  to  be  added  together;  and  this  process 
roAj  be  extended  to  cases  in  which  the  Telocity  varies  in  different 
parts  of  the  channel,  in  the  following  manner : — 

Let  the  final  yelucity  at  the  cross  section,  where  the  loss  of  head 
is  required,  be  denoted  by  v; 

Let  the  ratios  borne  to  that  velocity  by  the  velocities  in  other 
parts  of  the  channel  be  known;  r^  v  being  the  "velocity  of  approach*' 
(Article  446,  p.  676),  r^  v  the  velocity  in  the  firet  division  of  the 
channel,  r^  v  in  the  second,  and  so  on ;  and  let  F^  be  the  sum  of 
all  the  £ELCtors  of  resistance  for  the  first  division,  Fj  for  the  secdnd, 
and  so  on;  then  the  loss  of  head  will  be— 

A  =  g^(l  -  rj  +  F^r?  +  FjrJ  +  &c.); 
an  expression  which  may  be  abbreviated  into  the  following :     (15.) 

448.  C^Mittmctlmi  •f  StVMiBi  frwnt  OrMoe— O^-etteleatt  af  Ms- 
chw|8- — ^The  fact  of  the  contraction  of  a  jet  or  stream  that  flows 
from  an  orifice  has  already  been  referred  to.  It  is  caused  by  the 
w^nvergence  of  the  particles  towards  the  orifice  before  they  pass 
tbroagh  it,  which  convergence  continues  for  a  time  after  the  par- 
ticles pass  the  orifice.  The  result  is,  that  the  effective  area  of  the 
orifice,  or  area  of  the  "  contracted  vein^  which  is  to  be  used  in  com- 
puting the  discharge,  is  less  than  the  total  area  in  a  proportion 
which  is  called  the  coefficient  of  contraction. 

Sometimes  it  is  impossible  to  distinguish  between  the  effect  of 
friction  in  diminishing  the  velocity  (expressed  by  1  -s-  ,y  1  +  F), 
and  that  of  contraction  in  diminishing  the  area  of  the  stream.  In 
8uch  cases  the  ratio  in  which  the  actual  discharge  is  less  than  the 
product  of  the  "  theoretical  velocity"  (Article  446,  p.  675)  and  the 
total  area  of  the  orifice,  is  called  the  co-efficient  of  efflux  or  of  die* 
charge. 

The  quantities  given  in  the  following  statements  and  tables  are 
Home  of  them  real  co-efficients  of  contraction,  and  some  co-efficients 
of  discharge.  In  hydraulic  formuke,  such  co-efficients  are  usually 
denoted  by  the  symbol  c, 


€80  OOWBSXEEk  hbuctubss. 

In  sharp-edged  orifioea  the  friction  is  almost  inappreciable  (see 
Article  447,  Cdise  I.);  in  those  with  flat  or  rounded  borders  itB 
effects  become  sensible,  and  in  tubes  or  other  channels  of  sach 
length  as  to  guide  all  the  particles  along  their  sides  there  is  no 
eoutraction,  and  friction  operates  alone  in  diminishing  the  discharge. 

In  all  the  sharp-edged  orifioes  here  mentioned  the  edge  is  sop- 
poeed  to  be  formed  at  the  i7iner  or  up-stream  side  of  the  plate  by 
chamfering  or  bevelling  the  outer  side.  Were  the  inner  side  of  the 
plate  chamfered,  it  would  guide  the  stream,  and  alter  the  contraction 
to  an  uncertain  amount. 

I.  Sharp-edged  circular  orifices  in JkU plates;  c  =  •618....(1.) 

II.  Sharp-edged  rectangular  orifices  in  vertical  fiat  piaies. — In 
this  case  the  co>efficient  depends  partly  on  the  proportions  of  the 
dimensions  of  the  orifice  to  each  other,  and  partly  on  the  prc^rtion 
borne  by  the  breadth  of  the  orifice  to  the  charge  or  head.  The  co- 
efficient is  intended  to  be  used  in  the  following  formula  for  the 
discharge  in  cubic  feet  per  second,  A  being  the  area  of  the  oiifioe 
in  square  feet ;  and  h  the  head,  measured  from  the  centre  of  the 
orifice  to  the  lend  qf  stilt  water, 

Q=  8-025cA  JK (2.) 

The  co-efficients  are  given  on  the  authority  of  experiments  of 
Poncelet  and  Lesbros  on  orifices  about  8  inches  wide.  They  have 
not  been  reduced  to  a  generdd  formula. 
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The  co-efficients  in  the  preceding  table  include  a  correction  for 
the  error  occasioned  bj  measuring  the  head  from  the  centre  of  the 
orifice  instead  of  from  the  point  where  the  mean  velocity  occurs, 
which  is  somewhat  above  the  centre.  That  correction  is  in- 
appreciable when  the  head  exceeds  3  times  the  height  of  the  orifice. 

IIL  Sharp-edged  rectangular  notches  (or  orifices  extending  up  to 
the  surface)  in  flat  vertical  weir  boards. — ^The  area  of  the  orifice  is 
measured  up  to  the  level  of  still  vxUer  in  the  pond  behind  the  weir. 

Let  b  =  breadth  of  the  notch ; 

B  =  total  breadth  of  the  weir;  then 

*'  =  "^^+WB' ('•) 

provided  b  is  not  less  than  B  ^  4. 

IV.  Sharp-edged  triangtUar  or  Y-shaped  notclies  in  flat  vertical 
iceir  boards  (from  experiments  by  Professor  James  Thomson.) — Area 
measured  up  to  the  level  of  still  water. 

Breadth  of  notch  =  depth  X2;  c=z  595;] 
Breadth  of  notch  =  depth  X  4;  o  =  -620.  j 

V.  Fcntially-eontracted  sliarp-edged  orifice.  (That  is  to  say,  an 
orifice  towards  part  of  the  edge  of  which  the  water  is  guided  in  a 
direct  course,  owing  to  the  border  of  the  channel  of  approach  partly 
coinciding  with  the  edge  of  the  orifice). 

Let  c  be  the  ordinary  co-efficient; 

Tiy  the  fi'action  of  the  edge  of  the  orifice  which  coincides  with 

the  border  of  the  channel ; 
e'y  the  modified  co-efficient;  then 

</  =  c  +  -09  71 (5.) 

VL  FlaJt  or  round-topped  weir,  area  measured  up  to  the  level  of 
still  water — 

c=  '5  nearly (6.) 

YU.  Sluice  in  a  rectangular  channel — 

vertical;  c  =  0-7;  ^ 

Inclined  backwards  to  the  horizon  at  60®;  c  =  0-74;  >  (7.) 

at  45°;  c  =  0-8.    J 

VIIL  Incomplete  contraction;  see  Article  477,  Division  III., 
p.  677. 

449.  Dlschftvge    Hfm    Tcrtfcal   OrlMcc^   IVaCclic^   and    MHleca-— 

When  the  height  of  an  orifice  in  the  vertical  side  of  a  reservoir 
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does  not  exceed  about  one-half  or  one-thiid  of  its  depth  belov  the 
surface,  the  head  measured  from  the  centre  of  the  orifice  to  the 
level  of  still  water  may  be  used,  without  sensible  error,  to  compute 
the  mean  velocity  of  a  flow,  and  the  discharge;  so  that  the  fonnula 
for  the  discharge  is 

Q  =  8025  0  A  n/T; (1.) 

A  being  the  total  area  of  the  orifice,  and  c  the  proper  co-efficient  of 
contiaction. 

When  the  height  of  the  orifice  exceeds  about  one-half  of 
the  head  of  water,  and  especially  when  the  orifice  is  a  notch 
extending  to  the  sur&ce,  it  is  not  sufficiently  accurate  to  measure 
the  head  simply  from  the  level  of  still  water  to  the  centre  of 
the  orifice ;  but  the  area  of  the  orifice  is  to  be  conceived  as  divided 
into  a  number  of  horizontal  bands,  the  area  of  each  such  band 
multiplied  by  the  velocity  due  to  its  depth  below  the  surface  of  still 
water,  the  products  summed  or  integrated,  and  the  sum  or  integral 
multiplied  by  a  suitable  co-efficient  of  contraction. 

To  express  this  in  symbols,  let  b  be  the  breadth,  d  h  the  height 
of  one  of  the  horizontal  bands,  so  that  b  d  h  is  its  area;  h,  the 
depth  of  its  centre  below  the  level  of  the  surface  of  still  water  in 
the  reservoir;  h^,  the  depth  of  the  upper  edge  of  the  orifice,  and  A, 
that  of  its  lower  edge,  below  the  same  level ;  c,  the  co-efficient  of 
contraction;  Q,  the  dischai*ge  in  cubic  feet  per  second;  tfa^i 

Q=  8025c  f^^bj'h'dh. (2.) 

For  co-efficients  of  contraction,  see  Article  44^ 
The  following  are  the  most  important  cases  :— 
I*  Eectangulcur  orifice;  b  =  constant 

Q  =  8-025cX?6  (^*  — V)  =5-35c6  (^i*  — Ao*).  (3,) 

It  is  seldom  necessary  to  use  this  formula  in  practice;  for  the  co- 
efficients in  the  table  by  Poncelet  and  Lesbros  (see  p.  680)  compile- 
hend,  as  has  been  stated,  the  correction  for  the  error  arising  from 
using  the  head  at  the  centre  of  the  orifice  simply,  as  in  equation  1. 

11.  Rectangular  notch,  taith  a  still  pond;  b  =  constant,  Aq  =:  0; 
/^  measured  from  the  lower  edge  of  the  notch  to  the  level  of  still 
water. 


Q  =  8-025  c  X  |5  Ai*=  5-35  ebh^^ 
r=  (305  +  -535 1)  b  A^* 


(4.) 
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Tlie  last  expression  is  founded  on  the  formula  for  the  co-efficient 
c,  given  in  Article  448,  Division  III,  p.  681,  B  being  the  whole 
braadth  of  the  weir. 

Table  of  Yalues  of  e  and  5*35  e. 
b 
g, 1*0      0-9      0-8      07      0-6      0-5      o'4      0-3      0-25 

c -67      '66      '65      '64      '63      '62      '61      '60      '595 

5'35c>    3*58     3*53    348    3*42     3'37     3'33    3'2^    3*2i     318 

The  cube  of  the  square  root  of  the  head,  A^',  is  easily  computed  as 
follows,  by  the  aid  of  an  ordinary  table  of  squares  and  cubes :  look 
in  the  column  of  squares  for  the  nearest  square  to  h^;  then  op- 
posite, in  the  column  of  cubes,  will  be  an  approximate  value 

oihA. 

llL  Rectangtdar  notch,  tmih  current  approaching  it — When 
still  water  cannot  be  found,  to  measure  the  head  h^  up  to,  let  t^A 
denote  the  velocity  of  the  current  at  the  point  up  to  woich  the  heaa 
is  measured,  or  vdocity  of  approach :  compute  the  height  due  to  that 
velocity  as  follows : — 

^0  =  ^  -5-  ^^'^l 

then  the  flow  is  the  difference  between  that  from  a  still  pond 
due  to  the  height  h^  +  h^,  and  that  due  to  the  height  h^',  so  that  it 
is  given  by  the  formula 

Q  =  5-35  ch{{h^  +  h^)i  —  h^i} (5.) 

When  Vq  cannot  be  directly  measured,  it  can  be  computed  ap- 
proximately by  taking  an  approximate  value  of  Q  from  equation  4, 
and  dividing  by  the  sectional  area  of  the  channel  at  the  place  up  to 
which  the  head  is  measured  from  the  lower  edge  of  the  notch. 

IV.  Triangular  or  Y-shaped  notch,  with  a  still  pond;  h^  measured 
ftom  the  apex  of  the  triangle  to  the  level  of  still  water. 

Let  a  denote  the  ratio  of  the  half  breadth  of  the  notch  at  any 
given  level  to  the  height  above  the  apex,  so  that,  for  example,  at 
^e  level  of  stiU  water,  the  whole  breadth  of  the  notch  is  2  a  A^. 

Q  =  8-025  eXj^ah^i  =  4-28  0  a h^i; (6.) 

&xid  adopting  the  values  of  c  already  given  in  Article  448,  p.  681, 
we  have, 

for  a  =  1 ;  Q  =  2-54  h^i; (6  a.) 

for  a  =  2;  Q  =  5-3  7*^*- (6  b.) 
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In  the  absence  of  sufficiently  eztensiTe  tables  of  squares  and 
fifth  powers,  the  best  method  of  oomputing  the  fifbh  power  of  the 
square  root  of  the  head  is  by  the  aid  of  logarithm& 

V.  Drowned  orifices  are  those  which  are  below  the  level  of  the 
water  in  the  space  into  which  the  water  flows  as  well  as  in  that 
from  which  it  flows.  In  such  cases  the  difierence  of  the  levels  of 
still  water  in  those  two  spaces  is  the  head  to  be  used  in  computing 
the  flow. 

YI.  Droumed  rectangular  notch. — Let  h,  and  h^  be  the  heights 
of  the  still  water  above  the  lower  edge  of  the  notch  at  the  up- 
stream and  down-stream  sides  of  the  notch-board  respectively;  the 
following  formula  gives  the  flow  in  cubic  feet  per  second : — 

Q  =  5-35  c  b  (h,+  ^)  J  (Ai-M (7.) 

VII.  For  toeira  wUh  broad  Jlal  crests^  drowned  or  nndrowned, 
the  formulse  are  the  same  as  for  rectangular  notches,  except  ihai 
the  co-efficient  c  is  about  *5,  as  has  been  stated. 

VIII.  ComptUaUon  of  the  dimennons  of  orifices. — ^The  whole  of 
the  preceding  formulas  (with  the  exception  of  equations  5  and  7} 
can  easily  be  used  in  an  inverse  form,  in  order  to  And  the  dimen- 
sions of  orifices  that  are  required  to  discharge  given  volumes  of 
water  per  second. 

For  example,  if  equation  1  is  applicable,  we  have  for  the  area  of 
the  orifice, 

A  =  Q  -^  8-025  c  Jk. (8.) 

If  equation  3  is  applicable,  the  breadth  of  the  orifice  is  given  as 
follows : — 

6  =  Q  .^  5-35  c  (Aj*  —  V> (9.) 

If  equation  4  is  applicable,  the  depth  of  the  bottom  of  the  notch 
below  still  water  is  given  by  the  equation, 

A^={Q  -a-6"35c6}t; (10.) 

if  equation  6  is  applicable, 

^  ={Q  .4-  4-28  c a}* (11.) 

IX.  Sluices. — ^The  opening  of  a  sluice  generally  acts  as  a  rect- 
angular orifice,  drowned  or  undrowned  as  the  case  may  be;  the 
value  of  c  being  as  given  in  Article  448,  p.  681. 

450.   C^mpatsaoB  or  Che  Dtecharve  and  Dlamctcn  of  PIpcflb — ^The 

loss  of  head  by  a  stream  of  the  velociiy  v  in  traversing  ^e  length 
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/  of  a  j»pe  of  the  unifonii  diameter  d  is  given  by  tbe  following 
formala,  deduced  from  equations  8  and  10  of  Artide  447,  by  putting 
</  -^  4  for  the  hydraulic  mean  depth  m : — 


d      64' 


From  this  equation  are  deduced  the  solutions  of  the  following 
problems: — 

L  To  eofnpuie  Ihe  dMchofrge  cfa  giva^  P^t'  ^0  <^ft^  being  h,  l, 
and  c^  all  in  feet. 

Assume  an  approximate  value  for  4/  The  value  commonly 
assumed  in  the  first  instance  is, 

•025a 
This  gives,  as  a  first  cy)proxi'maU(m  to  the  vekxnty, 

*' = «^^  V.^= «« VY'  •••• <2) 

or,  a  mean  proparii<mal  between  the  diameter  and  the  lass  of  head  in 
2,500  /ea  of  length.  With  this  velocity  calculate  a  new  value  of 
4/  which  is  to  be  used  in  computing  a  second  (yaproxmaitiontf}  the 
Telocity^  by  means  of  the  formula^ 

„  =  8-025^;^^; (3.). 

ftnd  this  is  in  almost  every  case  near  enough  to  the  truth  for 
pnctical  purposes.     Then  the  discharge  is  given  by  the  formula, 

Q  =  -7854  V  d^. (4.) 

[A.  first  approxmoHon  to  the  discharge  is  given  by  the  following 
formula^ 

Q'  =  -7854  f/d^  =  39-27  a/  ^  •  rf*. (4  a.)] 

n.  To  find  (in  feet)  the  diamder  d  0/  a  pipe,  so  that  it  shall 
ddiver  Q  mbicjeet  o/toaier  per  second,  with  a  loss  0/ head  at  the  rate 
of  ^  feet  in  each  length  oflfeeA. 

Supposing  the  value  of  4 /known, 

^=G-^*- « 

^ut  4 ,/  depends  on  the  velocity,  which  itself  depends  on  the 


I 
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diameter  floughtw  AABnme,  as  a  first  approximation,  4  /*  =  ^25& 
Then  compute  9^finiL  offproocimatMn  to  the  diameter  bj  the  foUowiog 
formula : — 

«r  =  0-23(^-^)*j (6.) 

also  9kfir9t  approooimaiion  to  the  vdocUy  by  the  formula, 

t/  =  Q  ^  -7854  d^. (7.) 

From  these  data,  by  means  of  equation  1  of  this  Article,  compute 
an  approximate  lou  of  heady  K,  If  this  agrees  exactly  or  very 
nearly  with  the  given  loss  of  head,  A,  the  first  approximation  to  the 
diameter  is  sufficient;  if  not,  a  corrected  diamder  is  to  be  found  by 
the  following  formula : — 


-'•©*=-a+.^ (^) 


In  the  preceding  formulae  the  pipe  is  supposed  to  be  free  finom 
all  curves  and  bends  so  sharp  as  to  produce  appreciable  resistance. 
Should  such  obstructions  occur  in  its  course,  they  may  be  allowed  for 
in  the  following  manner : — Having  first  computed  the  diameter  of 
the  pipe  as  for  a  straight  course,  calculate  the  additional  loss  of 
head  due  to  curves  by  the  proper  formula  (Article  447,  p  678);  let 
A"  denote  that  additional  loss  of  head;  then  make  a  further  cor- 
rection of  the  diameter  of  the  pipe,  by  increasing  it  in  the  ratio  of 

1  +  5^=1 W 

By  a  similar  process  an  allowance  may  be  made  for  the  loss  of 
head  on  first  entering  the  pipe  from  the  reservoir,  viz.  :— 

(l  +  F)t^-£.64*4;  F  being  the  factor  of  friction  of  the  mouthpiece. 

To  the  diameter  of  a  pipe,  as  computed  by  the  formuLe,  an 
addition  is  commonly  made  in  practice,  in  order  to  allow  for 
accidental  obsti-uctions,  for  the  inci-ustation  of  the  interior  of  the 
pipe,  &a  According  to  some  authorities  about  one-sixth  is  to  he 
added  to  the  diameter  of  the  pipe  for  this  purpose ;  but  experieuoe 
seems  to  show  that  in  general  the  incrustation,  if  any,  is  of  equal 
thickness  in  pipes  of  all  diameters  exposed  for  equal  times  to  l^e 
action  of  the  same  water;  and  therefore  that,  in  a  given  system  of 
water-pipes,  an  equal  absolute  allowance  should  be  made  for 
possible  incrustation  in  pipes  of  all  diameters.  In  ordinary  cases 
it  appears  that  about  orm  iiich  is  sufficient  for  that  purpose. 

451.     Dischwriie   aad    DlmcasiMU    •€  ChiiM—l»>  —  The    rate   of 

dedivity  required  for  the  sui^ice  of  the  current  in  an  nnifoim 
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conduit  or  riyer-cliaiinel  is  found  by  dividing  the  loss  of  head  A 
(which  is  all  actual  fall)  by  the  length  I  of  the  channel,  and  is 
expressed  by  the  following  equation,  deduced  from  equation  11  of 
Article  447,  p.  678:— 

*  -  T  "  m    64-4  -  V  ""^*^  ^      V      J    644  w'  ^^'^ 

m  being  the  *^  hydraulic  mean  depth."  This  equation  enables  the 
following  problems  to  be  solved : — 

I.  To  compute  the  diacharffe  of  a  given  stream^  the  data  being  % 
m,  and  the  sectional  area  A.  The  first  step  is  to  find  the  velocity, 
which  might  be  done  by  means  of  a  quadratic  equation;  but  it  is 
less  laborious  to  find  it  by  successive  approximations.  For  that 
purpose  assume  an  approoeimate  txdue  for  the  co-efficient  of  friction, 
such  as 

/  =  -007565; 

then  ihejlrst  approximoHon  to  the  velocity  is 


•^  =  ^^^  V^Ss  "  -^8512  i  m  =  92-26  JUiT,  (2.) 

or,  a  mean  proportional  hetioeen  the  hydra/ulic  mean  depth  and  the 
fall  in  Sy512Jeet»    A  first  approaciTnation  to  the  discharge  is 

Cy^t/A. (3.) 

These  first  approximations  are  in  many  cases  sufficiently  accurate. 
To  obtain  second  appix)ximations,  compute  a  corrected  value  of  y 
aocording  to  the  expression  in  brackets  in  equation  1 ;  should  it 
agree  nearly  or  exactly  with  f,  the  first  assumed  value,  it  is  un- 
Qecessaiy  to  proceed  further;  should  it  not  so  agree,  correct  the 
values  of  the  velocity  and  discharge  by  multiplying  each  of  them  by 
the  factor, 

2      -01513 ^  ^^ 

11.  To  determine  the  dimensions  of  an  uniform  cha/nnd,  which 
^l  discharge  Q  cubic  feet  of  vxUer  per  second  unth  the  dedivity  L 
-—To  solve  this  problem,  it  is  necessary,  in  the  first  place,  to 
assnme  a  figure  for  the  intended  channel,  so  that  the  proportions  of 
all  its  dimensions  to  each  other,  and  to  the  hydraulic  mean  depth  m, 
nuty  be  fixed  This  will  fix  also  the  proportion  A  -^  m^  of  the 
sectional  area  to  the  square  of  the  hydraulic  mean  depth,  which  will 
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be    known  although  those  areas  are  still  unknown;  let  it  he 
denoted  by  n. 

[The  following  are  examples  of  the  values  of  n  for  di£ferait 
figures  of  cross-section : — 

for  a  semicircle,  n  =  6'2832; 
for  a  half-square,  n  =  8 ; 

for  a  half-hexagon,  »  =  4  n/3  =  6-928  ; 

for  a  section  (proposed  bj  Mr.  Neville)  bounded  below  and  at  the 
sides  by  three  straight  lines,  all  tangents  to  one  semicircle 
which  has  its  centre  at  the  water  level,  the  bottom  being 
horizontal,  and  the  sides  sloping  at  any  angle  i  (see  fig.  288); 


n  =  4  ( cosec  $  +  tan  ^ J. 


In  each  of  the  four  figures  mentioned  above,  m  is  one-half  of  liie 
gi*eatest  deptL] 

Compute  a  first  approocimation  to  the  required  hydraulic  mean 
depth  as  follows : — 


"*'  =  (8,512 «*»)  ' <^> 


also  a  first  approximation  to  the  velocity, 

v'  =  -^;..... (6.) 

from  these  data,  by  means  of  equation  1  of  this  article,  compute  an 
approximate  declivity  i'.  If  this  agrees  exactly  or  very  nearly  with 
the  given  declivity,  t,  the  first  approximation  to  the  hydrauUc  mean 
depth  is  sufficient;  if  not,  a  earrecUd  hydraulic  mean  depth  is  to  be 
found  by  the  following  formula : — 


m 


=  «'(^^) (') 


irix>m  the  hydraulic  mean  depth,  all  the  dimensions  of  the  chan- 
nel are  to  be  deduced,  according  to  the  figure  assumed  for  it 
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452.  KlerstioB  Pndaeed  hy  a  Weiv. — ^Wheii  a  weir  or  dam  is 
erected  across  a  river,  the  following  formulae  serve  to  calculate 
the  height  A.,  in  feet,  at  which  the  water  in  the  pond,  close  behind 
the  weir,  will  stand  above  its  crest;  Q  being  the  discharge  in  cubic 
feet  per  second,  and  b  the  breadth  of  the  weir  in  feet : — 

L    Weir  not  drowned^  with  a  flat  or  slightly  rounded  crest — 

K  =  (7^2)*'  °^^^' ^^'^ 

IL  Weir  drowned, — Let  h^  be  the  height  of  the  water  in  front  of 
the  weir  above  its  crest. 

First  approxmalion;  h\-  K^"^  \Th2)  (^O 

Second approadmation;  A\  =  ^1  -  ^2  (^  "~I  *  %f  ^  a  )•  (^0 

Closer  approximations  may  be  obtained  by  repeating  the  last 
calculation. 

453.  Backwater  is  the  effect  produced  by  the  elevation  of  the 
water-level  in  the  pond  close  behind  the  weir,  upon  the  surface  of 
the  stream  at  places  still  farther  up  its  channel. 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  surface  of 
the  stream  farther  up  to  assume. 

Let  i  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  also  the  rate  of  inclination  of  its  surface  before  being 
altered  by  the  weir. 

Let  \  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  close  behind  the  weir. 

Let  ^2  ^  <^7  other  depth  in  the  altered  part  of  the  stream. 

It  is  required  to  find  x,  the  distance  from  the  weir  in  a  direction 
up  the  stream  at  which  the  altered  depth  ^2  "^^  ^  foimd. 

Denote  the  ratio  in  which  the  depth  is  altered  at  any  point  by 

and  let  ^  denote  the  following  function  of  that  ratio : — 


*  = /?rfi  =  gJ-yp-i**!!  ^(fIt)^} 


1  ^       2r +  1 

+  ~f=  arc  tan. r** — 

^/3  ^/3 

2t 


,(1.) 
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A  convenient  approxunate  fonnnla  for  oompating  ^  is  «•  follows : — 

(1^) 


*    1     I     1     1 


Oompute  the  Talues,  ^^  and  ^2,  of  this  function^  coirespondiDg  to 
the  ratios 


Then 


r J  «r  ij  -5-  >^  and  r,  =  J,  -r  ^o- 

^  =  ^^  +  (-.  -  264)    (^i-  f^  V (2.) 

The  following  table  gives  some  values  of  ^ : — 


r  ^ 

It)  00 

i-i  '680 

i*a  '480 

1-3  '37^ 

1-4  '304 

1*6  '^SS 

i'6  'aiS 

17  '189 


r  0 

1-8  -166 

1*9  '147 

2^0  '13a 

2*2  '107 

2*4  *o89 

2*6  '076 

2-8 •065 

3*0  '056 


The  first  term  in  the  right-hand  side  of  the  formula  2  is  the  dis- 
tance back  from  the  weir  at  which  the  depth  ^2  would  be  found  if 
the  surfskoe  of  the  water  were  level  The  second  term  is  the 
additional  distance  arising  from  the  declivity  of  that  sur£ice 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  ^J\ 
/being  the  co-efficient  of  friction.  For  a  natural  dedivitj  of  1  in 
264  the  second  term  vanishes.  For  a  steeper  declivity  it  becomes 
negative,  indicating  that  the  sur&ce  of  the  water  xises  towards  the 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact,  for  steep  than  for  moderate  natural  declivities. 
It  is  best,  therefore,  in  cases  of  oatural  declivities  steeper  than  1 
in  $i64,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula. 

454.  0ur«uM«ri7B««Md0ecilotta. — ^The  preceding  rule  for  detei^ 
mining  the  figure  and  extent  of  backwater  is  the  solution  of  a 
particular  case  of  the  following  general  problem : — Gicen  the  form  of 
the  bed  of  a  stream,  the  discharge  Q,  and  the  water-level  at  one  crosg- 
BectUm;  to  find  the  form  aeeumad  hy  the  gwrfaee  qfthe  water  in  an 
up-stream  directianjrom  that  crose-eection. 
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In  this  case  the  loss  of  head  between  any  two  cross-sections  is  the 
sam  of  that  expended  in  overcoming  friction,  and  of  that  due  to 
change  of  velodtj,  when  the  yelocitj  increases,  or  the  diflRsrence  of 
those  two  quantities  when  the  yelocitj  diminishes,  which  difference 
may  be  positive  or  negative,  and  may  represent  either  a  loss  or  a 
gain  of  head  In  parts  of  the  stream  where  the  difference  ia 
negative,  the  surfiioe  slopes  the  reverse  way.  In  fig.  289,  let  O  Z  be 
the  vertical  plane  of  the  cross- 
section  at  which  the  water- 
level  is  given;  let  horizontal 
abscissae,  such  as  O  X  =  a:,  be 
measured  against  the  direction 
of  flow,  and  vertical  ordinates 
to  the  surface  of  the  stream, 
such  as  X  B  =  x^  upwards  from 
a  horizontal  datum  plane.  Con- 
sider any  indefinitely  short 
portion  of  the  stream  whose 
length  yBdx,  hydraulic  mean 
depth  m,  and  area  of  section  A.  The  fsl\  in  that  portion  of  the 
stream  ia  d  z,  and  the  acceleration  —  d  v,  because  of  t^  being 
opposite  to  X,     Then, 

" (1.) 


]ng.289. 


,  vdv     fdx 

a  Z  = :r?r-;r  -h   


32-2 


m 


64-4* 


In  applying  this  differential  equation  to  the  solution  of  any  parti- 
cular problem,  for  t;  is  to  be  put  Q  -r  A,  and  for  A  and  m  are  to  be 
put  their  values  in  terms  of  x  and  z.  Thus  is  obtained  a  dif- 
erential  equation  between  x  and  z,  and  the  constant  quantity,  Q, 
which  equation,  being  integrated,  gives  the  relation  between  x  and 
z,  the  oo-ordinates  of  the  surface  of  the  stream. 

455.  The  TIbm  or  Boivtrias  a  Bcacrroir  is  determined  by  con- 
ceiving it  to  be  divided  into  thin  horizontal  layers  at  different 
heights  above  the  outlet,  finding  the  velocity  of  discharge  for  each 
layer,  and  thence  the  time  of  discharge,  and  summing  or  integrating 
the  results. 

liCt  8  be  the  area  of  any  given  layer,  <f  A  its  depth,  A  the  effective 
area  of  the  outlet,  h  the  height  of  the  layer  above  the  outlet;  then 
the  velocity  of  outflow  for  that  layer  is  C  J~h,  0  being  a  multiplier 
taken  from  the  proper  formula  in  Articles  449,  450,  or  451.  The 
time  of  dischaige  of  the  layer  is 

'''  =  xc77»' •; <'•> 

and  if  Aj  be  the  height  of  the  top  water,  the  whole  time  is, 
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1  fhsdh  fg\ 


0    J~h' 

One  of  the  most  conyenient  ways  of  expreasiog  tliis  result  is  to 
state  the  ratio  which  the  time  of  emptjing  bears  to  the  time  of  dis- 
charging a  quantity  of  water  equal  to  the  contents  of  the  reaerroir 

f  that  is,  j   ^  8  d  h\  supposing  it  kept  always  fulL    Let  ih&t  time 

be  called  T;  its  value  isT=  f^^a  d  h  -^  AG  J~h[,  and  that  of 
the  required  ratio  is 

t  . fhi  s  dh        /■*! 

T  =  '^-/.  VX-^/,"^*- <^> 

The  following  are  examples : — 

Reservoir  with  vertical  sides  (s  =  constant) ;  <  -?-  T  =  2. 

Wedge-shaped  reservoir  {a  =  constant  X  h);  <-r-T  =  1^. 

Pyramidal  reservoir,  the  base  of  the  pyramid 
being  the  surface,  the  apex  at  the  outlet 
(«  =  constant  XA2)j « -=- T  =  IJ. 

The  division  of  the  reservoir  into  layers  may  be  facilitated  by  a 
plan  with  contour-lines  at  a  series  of  different  levels. 

The  time  required  to  empty  part  of  a  reservoir  is  found  by  com- 
puting the  time  required  to  empty  the  whole,  and  subtracting  from 
it  the  time  which  would  be  required  to  empty  the  remaining  part 

The  time  required  to  eqtudize  tlie  level  of  the  vxUer  in  two  adjoin- 
ing basins  with  vertical  sides  (such  as  lock-chambers  on  canals), 
when  a  communication  is  opened  between  them  under  water,  is  the 
same  with  that  required  to  empty  a  vertical-sided  reservoir  of  a 
volume  equal  to  the  volume  of  water  transferred  between  the 
chambers,  and  of  a  depth  equal  to  their  greatest  difference  of  level 

Section  II. — Of  the  Measurement  and  Estimation  of  Water. 

456.   fil«HvcM  of  Water  In  OwiCTal — ^Bahi-ikll,  Tottd  wtmd  ATvllaUe. 

— The  original  source  of  all  supplies  of  water  is  the  rain-falL  The 
rain-water  which  escapes  evaporation  and  absorption  by  v^ctables 
either  runs  directly  from  the  surface  of  the  ground  or  from  the  pores 
of  the  surface-soil  into  streams^  or  it  sinks  deeper  into  the  groimd, 
flows  through  the  crevices  of  porous  strata^  and  escapes  at  their 
out-crop  in  springs,  or  collects  in  such  porous  strata,  frt)m  which  it 
is  drawn  by  means  of  weUs, 

In  what  manner  soever  the  water  is  collected,  and  whether  it  is 
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to  be  used  for  irrigatton,  for  driving  macliineTy,  for  feeding  a  canal, 
or  for  the  supply  of  a  town,  or  to  be  got  rid  of  as  in  works  of  mere 
drainage,  the  measurement  of  the  rain-fall  of  the  district  whence 
it  comes  is  of  primary  importance.  To  complete  that  measurement 
two  kinds  of  data  are  required, — the  area  of  the  district,  caUed  the 
drainage  area,  or  ceUchtneTU-basin,  or  gcUhering-ground ;  and  the 
depth  of  rain-fiJl  in  a  given  time. 

L  A  Drainage  Area,  or  Calchment-bcuin,  is,  in  almost  every  case, 
a  district  of  country  enclosed  by  a  ridge  or  vxUer-shed  line  (see 
Article  58,  p.  93),  continuous  except  at  the  place  where  the  waters 
of  the  basin  find  an  outlet  It  may  be,  and  generally  is,  divided  by 
branch  ridge-lines  into  a  number  of  smaller  basins,  each  drained  by 
its  own  stream  into  the  main  stream.  In  order  to  measure  the 
area  of  a  catchment-basin  a  plan  of  the  country  is  required,  which 
either  shows  the  ridge-lines  or  gives  data  for  finding  their  positions 
by  means  of  detached  levels,  or  of  contour-lines.  (Article  59,  p.  95.) 

When  a  catchment-basin  is  very  extensive  it  is  advisable  to  mea- 
sure the  several  smaller  basins  of  which  it  consists,  as  the  depths  of 
rain-fall  in  them  may  be  different;  and  sometimes,  also,  for  the 
same  reason,  to  divide  those  basins  into  portions  at  different  dis- 
tances from  the  mountain-chains,  where  rain-clouds  are  chiefly 
formed. 

The  exceptional  cases,  in  which  the  boundary  of  a  drainage  area 
is  not  a  ridge-line  on  the  surface  of  the  country,  are  those  in  which 
the  tain-water  sinks  into  a  porous  stratum  until  its  descent  is 
stopped  by  an  impervious  stratum,  and  in  which,  consequently,  one 
boundary  at  least  of  the  drainage  area  depends  on  the  figure  of  the 
impervious  stratum,  being,  in  fa!ct,  a  ridge-line  on  the  upper  sur&ce 
of  that  stratum,  instead  of  on  the  ground,  and  very  often  marking 
the  upper  edge  of  the  outcrop  of  •  that  stratum.  If  the  porous 
stratum  is  partly  covered  by  a  second  impervious  stratum,  the 
nearest  ridge-line  on  the  latter  stratum  to  the  point  where  the 
porous  stratum  crops  out,  will  be  another  boundary  of  the  drainage 
areai.  In  order  to  determine  a  diuinage  area  under  these  circum- 
stances it  is  necessary  to  have  a  geological  map  and  sections  of  the 
disrtrict. 

11.  The  Depth  of  Ram-fall  in  a  given  time  varies  to  a  great 
extent  at  different  seasons,  in  different  years,  and  in  different  places. 
The  extreme  limits  of  annual  depth  of  rain-fidl  in  different  parts  of 
the  world  may  be  held  to  be  respectively  nothing  and  150  inchea 
The  average  annual  depth  of  rain-fall  in  different  parts  of  Britain 
ranges  from  22  inches  to  140  inches,  and  the  least  annual  depth 
recorded  in  Britain  is  about  15  inches. 

The  rain-fall  in  different  parts  of  a  given  country  is,  in  general, 
greatest  in  those  districts  which  lie  towards  the  quarter  from  which 
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the  prevailing  winds  blow;  in  Britain,  for  example,  the  western 
districts  are  the  most  rainy.  Upon  a  given  monntain-ridge,  however, 
the  reverse  is  the  case,  the  greatest  rain-fall  taking  plaoe  on  that 
side  which  lies  to  leeward,  as  regards  the  prevailing  winds :  thus, 
in  Britain,  more  rain  falls  in  general  on  the  eastern  than  on  the 
western  slope  of  a  range  of  hills.  The  cause  of  this  is  probablv  the 
fact  that  the  condensation  of  watery  vapour  in  the  atmosphere  into 
rain-clouds  arises  in  general  from  the  ascent  of  moist  and  warm  air 
up  the  slopes  of  mountains  into  a  cold  region;  the  donds  thus 
formed  are  drifted  by  the  wind  to  the  leeward  side  of  the  moun- 
tains, and  there  fall  in  rain.  To  the  same  cause  may  be  ascribed 
the  feet  that  the  rain-fall  is  greater  in  mountainous  than  in  flat 
districts,  and  greater  at  points  near  high  mountain-summits  than 
at  points  further  from  them. 

The  elevation  of  the  locality  where  the  rain^fall  is  measured  does 
not  appear  materially  to  affect  the  depth,  except  in  so  far  as  eleva- 
tion IB  an  usual  accompaniment  of  nearness  to  a  mountain-chain. 

A  vast  amount  of  detailed  information  has  been  collected  as  to 
the  depth  of  rain-&li  in  different  places  at  different  times;  but 
there  does  not  yet  exist  any  theory  from  which  a  probable  estimate 
of  the  rain-fall  in  a  given  district  can  be  deduced  independently  of 
direct  observation. 

The  most  important  data  respecting  the  depth  of  rain-&ll  in  a 
given  district,  for  practical  purposes,  are  the  following : — 


(1.^  The  least  annual  rain-falL 
(2.)  The  mean  annual  rain-fall. 
3.)  The  greatest  annual  rain-fiJL 
4.)  The  distribution  of  the  rain-£Gdl  at  ^i^orent  seasons,  and, 

especially,  the  longest  continuous  drought. 
(5.)  The  greatest  flood  rain-fedl,  or  continuous  fall  of  rain  in  a 
short  period. 


i 


The  order  of  importance  of  these  data  depends  on  the  purpose  of 
the  proposed  work.  If  it  is  one  of  water-supply,  the  least  annual 
rain-fisJl  and  the  longest  drought  are  the  most  important  data;  if 
it  is  a  work  of  drainage,  the  greatest  annual  rain-fall  and  the  greatest 
flood  are  the  most  important 

Experience  shows  that  to  obtain  those  data  completely  and 
exactly  for  a  given  district  requires  at  least  20  years  of  daily  rain- 
gauge  observations,  if  not  more.  But  it  very  seldom  happens  that 
so  long  a  series  of  observations  has  been  made  in  the  precise  spots  to 
which  the  inquiries  of  the  engineer  are  directed,  and  in  the  absence 
of  such  records  he  may  proceed  as  follows : — 

(1.)  Obtain  a  copy  of  the  records  of  the  observations  made  at  the 
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nearest  station  where  the  rain-fidl  has  been  obeerved  for  a  lonff 
aenea  of  jears,  and  from  them  ascertain  the  longest  drought,  and 
oompnte  the  mean  annual  rain-fall  at  that  station,  the  greatest  and 
least  annual  rain-&lly  the  greatest  flood  rain-fall,  &c  The  station 
in  question  may  be  called  tiie  "  standard  station." 

(2.)  Establish  rain-gauges  in  the  district  to  be  examined,  at  places 
wluch  may  be  called  the  ''  catchment  stations,"  and  have  them 
observed  daily  by  trustworthy  persons,  taking  care  to  obtain  a  copy 
of  the  records  of  the  observationB  made  at  the  same  time  at  the 
standard  station ;  and  let  that  series  of  simultaneous  observationB 
be  carried  on  as  long  as  poasible. 

(3.)  Compute  firom  those  simultaneous  observations  the  propor- 
tions borne  to  the  rain-fa]l  at  the  standard  station  by  the  rain-fall 
in  the  same  time  at  the  several  catchment  stations ;  multiply  the 
greatest,  least,  and  mean  annual  depths  of  rain-fall,  the  greatest 
flood,  &c,  at  the  standard  station  by  those  proportions,  and  the 
results  wiU  give  probable  values  of  the  corresponding  quantities  at 
the  catchment  stations. 

The  positions  of  the  catchment  rain-gauge  stations  must,  to  a 
considerable  extent,  be  r^ulated  by  the  practicability  of  having 
them  observed  once  a-day;  but  they  should,  as  far  as  practicable, 
be  distributed  uniformly  over  the  gathering-gi*ound  If  it  consists 
of  a  number  of  branch  basins,  there  should,  if  possible,  be  one  or 
more  rain-gauges  in  each  of  them.  If  it  is  bounded  or  traversed  by 
high  hills,  some  gauges  should  be  placed  on  or  near  their  summits, 
and  others  at  diflerent  distances  from  them. 

Each  rain-gauge  should  be  placed  in  an  open  situation,  that  it 
may  not  be  screened  by  rocks,  walls,  trees,  hedges,  or^other  objects. 
Its  mouth  should  be  as  near  tiie  level  of  the  ground  as  is  consistent 
with  security.  It  may  be  surrounded  with  an  open  timber  or  wire 
fence  to  protect  it  from  cattle  and  sheep. 

A  rain-gauge  for  use  in  the  field  consists,  in  general,  of  a  conical 
funnel,  with  a  vertical  cylindrical  lim,  very  accurately  formed  to  a 
prescribed  diameter,  such  as  10  or  12  inches,  and  a  collecting  vessel 
for  the  water,  usually  cylindrical,  and  smaller  in  area  than  the 
mouth  of  the  funnel  If  this  vessel  is  to  be  used  as  a  measuring 
vessel  also,  the  ratio  of  its  area  to  that  of  the  mouth  of  the  funnel 
is  aociuately  ascertained,  and  the  depth  at  which  the  water  stands 
in  it  is  shown  by  means  of  a  float  with  a  graduated  brass  stem 
rising  above  the  mouth  of  the  gauge.  Sometimes  the  rain  collected 
is  measured  by  being  poured  into  a  graduated  glass  measure,  which 
the  observer  carries  in  a  case.  The  most  accurate  method  of  gra- 
duating the  measure  is  by  putting  known  weights  of  water  into  it, 
and  marking  the  height  at  which  they  stand  {as  recommended  by 
Mr.  B^uskoll  in  his  Engineering  Fidd-Work).    In  performing  this 
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process,  the  weight  of  a  cubic  inch  of  pure  water,  at  62^  Fahr.,  may 
betaken  as 

252*6  grains.* 

The  glass  measure  may  either  be  graduated  to  cubic  inches, 
which,  being  divided  by  the  area  of  the  funnel  in  squai^  inches, 
will  give  the  depth  of  rain-fall  in  inches;  or  it  may  be  graduated 
to  show  at  once  inches  of  rain-fall  in  a  funnel  of  the  area  employed. 

Observations  of  rain -fall  in  the  field  are  usually  recorded  to  two 
decimal  places  of  an  inch. 

It  maybe  stated  as  a  result  of  experience,  that  the  proportions  of 
the  least,  mean,  and  greatest  annual  rain-fall  at  a  given  spot  usually 
lie  between  those  of  the  numbers  2,  3,  and  4,  and  those  of  the  num- 
bers 4,  5,  and  6. 

III.  The  Available  Rain-faU  of  a  district  is  that  part  of  the 
total  rain-fall  which  remains  to  be  stored  in  reservoirs,  or  carried 
away  by  streams,  after  deducting  the  loss  through  evaporation, 
through  permanent  absorption  by  plants  and  by  the  ground,  <kcL 

The  proportion  borne  by  the  av^able  to  the  total  rain-fall  varies 
very  much,  being  affected  by  the  rapidity  of  the  rain-fkll  and  the 
compactness  or  porosity  of  the  soil,  the  steepness  or  flatness  of  the 
ground,  the  nature  and  quantity  of  the  vegetation  upon  it,  the 
temperature  and  moisture  of  the  air,  the  existence  of  artificial 
drains,  and  other  circumstances.     The  following  are  examples : — 

AvaiUibk  Bun-ftlL 
Groand.  -f- 

Total  Raifi>&U. 

Steep  surfaces  of  granite,  gneiss,  and  slate,  nearly  i 

Moorland  and  hilly  pasture, from   *8  to  ^6 

Flat  cultivated  country, &om   *5  to  -4 

Chalk, o 

Deep-seated  springs  and  wella  give  from  '3  to  '4  of  the  total 
rain-falL 

Such  data  as  the  above  may  be  used  in  roughly  estimating  the 
probable  available  rain-fidl  of  a  district;  but  a  much  more  accurate 
and  satisfiEictoiy  method  is  to  measure  the  actual  discharge  of  the 
streams  at  the  same  time  that  the  rain-gauge  observations  are  made, 
and  so  to  find  the  actual  proportion  of  available  to  total  rain-fall 

457.  ncoMuemcnt  WidBMimatl«B«f  theFtow^rStrcaau* — ^There 


*  This  is  dedaced  from  the  value  already  given  in  p.  161  for  the  weight  of  a  cabie 
foot  of  pure  water  at  62°  Fahr.,  viz.,  62  S55  lbs.  avoiidnpolflt  or  4S6,495  grains. 
Tliat  value  is  based  on  data  given  in  Professor  MiUer^s  paper  on  tlte  ^*  Standard 
Pound"  (JPhUoBcpkical  Transactional  1856);  it  difi^  slightly  £riim  that  ftRDcriy 
fixed  by  statute  but  since  abolished. 
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are  three  methods  of  measuring  the  discharge  of  a  stream — by  weir- 
gauges,  by  current  meters,  and  by  calculation  from  the  dimeusions 
and  declivity. 

I.  The  use  of  Weir-gatiges  is  the  most  accurate  method,  but  it 
is  applicable  to  small  streams  only.  The  weir  is  constructed  across 
the  stream  so  as  to  dam  up  a  nearly  still  pond  of  water  behind  it, 
from  which  the  whole  flow  of  the  stream  escapes  through  a  notch 
or  other  suitable  sharp-edged  orifice  in  a  vertical  plate  or  board,  the 
elevation  of  still  or  nearly  still  water  being  observed  on  a  vertical 
scale  in  the  pond,  whose  zero-point  is  on  a  level  with  the  bottom  of 
the  notch,  or  with  the  centre  of  a  round  or  rectangular  orifice.  For 
the  laws  of  the  discharge  of  water  through  vertical  orifices,  see 
Article  449,  p.  681. 

For  streams  of  very  variable  flow,  it  appears  from  the  experi- 
ments of  Mr.  James  Thomson,  that  the  right-angled  triangular  notch 
is  the  best  form  of  orifice  (see  Reports  ofihs  British  Association  /or 
1861),  as  it  measures  large  and  small  quantities  with  equal  preci- 
sion, and  has  a  sensibly  constant  co-e£Scient  of  contraction.  Where 
one  such  notch  is  insufficient,  he  recommends  the  use  of  a  row  of 
them.  The  pond  may  have  a  fiat  floor  of  planks,  on  a  level  with 
the  bottom  of  the  triangular  notch. 

When  orifices  wholly  immersed  are  used,  round  or  square  holes 
are  the  best,  because  theii*  co-efficients  of  contraction  vary  less  than 
those  of  oblong  holes  (see  p.  680).  If  one  round  or  square  hole  is 
insufficient,  a  horizontal  row  of  them  may  be  used. 

A  weir-gauge  should  be  placed  on  a  straight  part  of  the  channel, 
because  if  it  is  placed  on  a  curved  part  the  rush  of  water  from  the 
oatlet  may  undermine  the  concave  bank  of  the  stream.  To  pre- 
vent the  weir  itself  from  being  undermined  in  front,  the  bottom  of 
tbe  channel  below  the  outlet  should  be  protected  by  an  apron  of 
boards,  or  a  stone  pitching,  or  by  carrying  the  water  some  distance 
forward  in  a  wooden  shoot  or  spout,  placed  so  low  as  not  to  drown 
any  part  of  the  outlet 

Stream-gauges  ought  to  be  observed  once  a-day  at  least,  and 
oftener  when  the  flow  of  the  stream  is  in  a  state  of  rapid  varia- 
tion, as  it  is  during  the  rise  and  fall  of  floods. 

II.  By  Current  Meters, — In  large  streams  the  flow  can  in  general 
be  measured  only  by  finding  the  area  of  cross-section  of  the  stream, 
i^easnring  by  suitable  instruments  the  velocities  of  the  current  at 
various  points  in  that  cross-section,  taking  the  mean  of  those 
"Velocities,  and  multiplying  it  by  the  sectional  area.  The  most 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
^ght  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
train  of  wheel- work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.     The  whole  apparatus  is  fixed  at 
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the  end  of  a  pole,  so  that  it  can  be  immersed  to  different  depths  in 
different  parts  of  the  channel.  The  relation  between  the  nnmber 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  experimentally  bj  moving  the 
instrument  with  different  known  velocities  through  %  piece  of  still 
water,  and  noting  the  revolutions  of  the  £sin  in  a  given  time. 

A  straight  and  uniform  part  of  the  channel  should  always  be 
chosen  for  experiments  on  the  velocity  of  a  stream. 

When  from  the  want  of  the  proper  instrument^  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points^  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  tiie 
surface  of  the  stream,  may  be  measured  by  observing  the  motions 
of  any  convenient  body  floating  down,  and  from  that  greatest  velo- 
city the  mean  velocity  may  be  computed  by  the  formula  given  in 
Article  445,  p.  674. 

III.  By  CcdeulaJtymfrom  the  DedwUy. — For  this  purpose  a  por- 
tion of  the  stream  must  be  carefully  levelled,  cross-sections  being 
taken  at  intervals;  and  the  discharge  is  to  be  calculated  by 
the  rules  of  Division  I.  of  Article  451,  p.  687.  In  order  that  the 
result  may  be  accurate,  the  part  of  the  stream  chosen  should  have, 
as  nearly  as  possible,  an  imiform  cross-section  and  declivity,  and 
should  be  free  from  obstruction  to  the  current,  and,  above  all,  from. 
weeds,  which  have  been  known  to  increase  the  firiction  nearly 
tenfold. 

IV.  EHimaHon  of  Flaw  in  Different  Years. — ^The  discharge  of  a 
stream  during  a  certain  period  of  observation  havii^  been  ascer- 
tained, may  be  used  to  compute  probable  values  of  its  least,  mean, 
and  greatest  discharge  in  a  series  of  years,  by  multiplying  it  by  the 
proportions  borne  by  the  rain-fall  in  those  years  as  observed  at  the 
*'  standard  station**  (see  Article  456,  p.  695)  to  the  rain-fall  at  the 
same  station  during  the  period  when  the  stream  was  gauged. 

458.  OvdUuwy  Ftow  aad  Fto«ds. — Questions  often  arise  between 
the  prohioters  of  a  water-work  and  the  owners  and  occupiers  of 
land  on  the  banks  of  a  stream  as  to  the  distinction  between  the 
"  ordinary"  or  "  average  summer  discharge"  of  a  stream  and  ,the 
*'  flood  discharge."  The  distinction  is  in  general  not  difficult  to 
draw  by  an  engineer  who  personally  inspects  the  stream  at  each 
time  that  its  flow  is  gauged;  but  to  provide  for  the  case  of  such 
inspection  being  impracticable,  Mr.  Leslie  has  proposed  an  arbitrary 
rule  for  drawing  that  distinction,  which  many  engineers  have 
adopted.     It  is  as  follows : — 

Bange  the  dischaiges  as  observed  daily  in  their  order  of  magni- 
tude. 

Divide  the  list  thus  arranged  into  an  upper  quarter,  a  middle 
half,  and  a  lower  quarter. 
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The  discharges  in  the  upper  quarter  of  the  list  are  to  be  consi- 
dered 9A  floods. 

For  each  of  the  flood  discharges  thus  distinguished  substitute  the 
average  of  the  middle  half  of  the  list,  and  take  the  mean  of  the 
whole  list)  as  thus  modified,  for  the  ordinarry  or  aneroge  dischtvrge^ 
exclusive  offlood^oaters. 

It  appears  that  the  ordinaiy  discharge,  as  computed  by  this 
method  in  a  number  of  examples  of  actual  streams  in  hillj  districts, 
ranges  from,  one-third  to  onefaurth  of  the  mean  diseharge,  iridtuiing 
floods;  being  a  result  in  accordance  with  those  arrived  at  by  engi- 
neers who  have  distinguished  floods  from  ordinary  discharges  to 
the  best  of  their  judgment,  without  following  rules. 

459,  VKtmmnemmtmt  wT  Vtow  te  Pi#Mi — ^The  Water  Meters,  or 
instruments  for  measuring  the  flow  in  pipes,  now  commonly  used, 
may  be  divided  into  two  classes — ^piston  meters  and  wheel  meters. 

A  piston  meter  is  a  small  double-acting  water-pressure  engine, 
driven  by  the  flow  of  water  to  be  measured.  That  of  Messrs. 
Chadwick  and  Frost  records  the  ntimber  of  strokes  made  by  the 
piston,  each  stroke  corresponding  to  a  certain  volume  of  water. 
That  of  Mr.  Kennedy  is  so  constructed  that,  by  means  of  a  rack  on 
the  piston-rod  driving  pinions,  the  distance  traversed  by  the  piston 
is  recorded  by  a  train  of  wheel-work,  with  dial-plates  and  indexes. 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  being  a 
small  reaction  turbine  or  "  Barker's  mill,"  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheel- work,  with  dial-plates 
and  indexes. 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Gk)rman,  being 
a  small  ./^  twrhine  or  vortex  wheel  driven  by  the  flow,  and  driving 
the  indexes  of  dial-plates. 

The  ordinary  errors  of  a  good  water  meter  are  from  ^  to  1  per 
cent,  j  in  extreme  cases  of  variation  of  pressure  and  speed  errors 
may  occur  of  2^  per  cent. 

The  value  of  the  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 

For  descriptions  of  several  kinds  of  water  meters,  see  the  Tra/ns- 
(McHons  of  the  Institution  of  Mechanical  Engvnasrs  for  18o6. 


SscnoN  III. — Of  Store  Reservoirs, 


460.  gwpMijg  mmA  CAFMlif  •r  Store  B— etfirfc — ^A  store  reser- 
voir is  a  place  for  storing  water,  by  retaining  the  excess  of  rain-fall 
in  times  of  flood,  and  letting  it  ofl*  by  degrees  in  times  of  drought 
It  eflfeots  one  or  more  of  the  following  purposes : — 
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To  prevent  damage  by  floods  to  the  country  below  the  reseiroir 

To  prevent  the  evil  consequences  of  droughts. 

To  increase  the  ordinary  or  available  flow  of  a  stream  by  adding 
to  it  the  whole  or  part  of  the  flood- waters. 

To  enable  water  to  be  diverted  from  a  stream  without  diminishing 
the  "  ordinaiy  "  or  *^  avcitige  smnmer  flow,"  as  defined  in  Article 
45S,  p.  69a 

To  allow  mechanical  impurities  to  settle. 

The  availahle  capaeUy  or  storage-roam  of  a  reservoir  is  the  volume 
contained  between  the  highest  and  lowest  working  water-levels, 
and  is  less  than  the  totcU  capacity  by  the  volume  of  l£e  space  below 
the  lowest  working  water-level,  which  is  left  as  a  place  for  the 
collection  of  sediment,  and  which  is  either  kept  always  full,  or  only 
emptied  when  it  is  absolutely  necessaiy  to  do  so  for  purposes  of 
cleansing  and  repair.  It  is  impossible  to  lay  down  an  universal 
rule  for  the  volume  of  the  space  so  left,  or  ''bottom"  as  it  is  called ; 
but  in  some  good  examples  of  artificial  reservoirs  it  occupies  about 
one-sixth  of  the  greatest  depth  of  water  at  the  deepest  part  of  the 
reservoir. 

The  absolute  storage-room  required  in  a  reservoir  is  r^ulated  by 
two  circumstances : — ^the  demand  for  water,  and  the  extent  to  which 
the  supply  fluctuates. 

The  demand  is  usually  a  certain  uniform  quantity  per  day. 
Experience  has  shown  that  about  120  days^  demand  is  the  least 
Ktorage-room  that  has  proved  sufficient  in  the  climate  of  Britain ; 
in  some  cases  it  has  proved  insufficient ;  and  even  a  storage  equal  to 
1 40  days*  demand  has  been  known  to  fail  in  a  very  dry  season ;  and 
consequently  some  engineers  advise  that  every  store  reservoir 
should  if  possible  contain  six  months^  demand. 

From  data  respecting  various  existing  reservoirs  and  gathering- 
grounds,  given  by  Mr.  Beardmore  {ffydraulic  Tabbies),  it  appears 
that  the  storage-room  varies  Jirom  ona-thvrd  to  one-half  of  the  avail- 
able anntuU  rain-/aU, 

The  best  rule  for  estimating  the  available  capacity  required  in  a 
store  reservoir  would  probably  be  one  founded  upon  taking  into 
account  the  supply  as  well  as  the  demand.     For  example — 

180  days  of  the  excess  of  the  daily  demand,  above  the  least  daily 
supply,  as  ascertained  by  gauging  and  computation  in  the  manner 
described  in  the  preceding  section. 

In  order  that  a  reseivou'  of  the  capacity  prescribed  by  the  pre- 
ceding rule  may  be  efficient,  it  is  essential  that  the  least  available 
anmud  rainrfaU  of  the  gathering-ground  should  be  sufficient  to 
supply  a  yearns  demand  for  toater. 

To  enable  the  gathering-ground  to  supply  a  demand  for  water 
corresponding  to  the  average  avadlable  anntuU  rain-fall,  the  greatest 
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tot^d  d^unencT/  of  available  rain-iall  below  sncli  average,  whether 
confined  to  one  year  or  extending  over  a  series  of  years,  must  be 
ascertained,  and  an  addition  equal  to  such  deficiency  made  to  the 
reservoir  room;  but  it  is  in  general  safer,  as  well  as  less  expensive, 
to  extend  the  gathering-ground  so  that  the  least  annual  supply  may 
be  sufficient  for  the  demand. 

The  foregoing  principles  as  to  capacity  have  reference  to  those 
eases  in  which  the  water  is  to  be  used  to  supply  a  demand  for 
water.  When  the  sole  object  of  the  reservoir  is  to  prevent  floods 
in  the  lower  parts  of  the  stream,  it  ought  to  be  able  to  contain  the 
ascertained  greatest  total  excess  of  the  available  rain-fiill  during  a 
season  of  flood  above  the  greatest  discharging  capacity  of  the  stream 
consistent  with  freedom  from  damage  to  the  country. 

461.  BcwJtiiiir  flitM. — In  choosing  the  site  of  a  reservoir,  the 
engineer  has  three  things  chiefly  to  consider:  the  elevation,  the 
configuration  of  the  ground,  and  the  materials,  especially  those 
which  will  form  the  foundations  of  the  embankment  or  embank- 
ments by  which  the  water  is  to  be  retained. 

L  The  Eleoatum  of  the  site  must  at  once  be  so  high  that  from 
the  lowest  water-level  there  shall  be  sufficient  fall  for  the  pipes, 
conduits,  or  other  channels  by  which  the  water  is  to  be  discharged, 
and  at  th^same  time  so  low  that  there  shall  be  a  sufficient  gather- 
ing-groimd  above  the  highest  watei^leveL 

IL  The  G(mfigwr<Uion  of  the  Oroumd  best  suited  for  a  reservoir 
site  is  that  in  which  a  large  basin  can  be  enclosed  by  embanking 
across  a  narrow  gorge.  To  enable  the  engineer  to  compare  such 
sites  with  each  gther,  and  to  calculate  their  capacities,  plans  with 
frequent  contour-lines  are  very  useful  (Article  59,  p.  95),  or  in  the 
absence  of  contour-lines,  numerous  cross-sections  of  the  valleys. 
The  water's  edge  of  the  reservoir  is  itself  a  contour-line.  After  the 
site  of  a  reservoir  has  been  fixed,  a  plan  of  it  should  be  prepared 
with  contour-lines  numerous  and  close  enough  to  enable  the 
engineer  to  compute  the  capacity  of  every  foot  in  depth  from  the 
lowest  to  the  highest  water-level,  so  that  when  the  reservoir  is  con- 
structed and  in  use,  the  inspection  of  a  vertical  scale  fixed  in  it 
may  show  how  much  water  there  is  in  store. 

Care  should  be  taken  to  observe  whether  the  basin  of  a  projected 
reservoir  site  has,  besides  its  lowest  outlet,  higher  outlets  through 
which  the  water  may  escape  when  the  lowest  outlet  is  closed, 
unless  they  also  are  closed  by  embankments. 

The  figure  of  the  ground  at  the  site  of  a  proposed  reservoir 
embankment  must  be  determined  with  care  and  accuracy,  by  making 
not  only  a  longitudinal  section  along  the  centre  line  of  the  embank- 
ment (which  section  will  be  a  cross-section  as  regards  the  valley), 
but  several  cross-sections  of  the  site  of  the  embankment^  which  should 
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be  at  right  angles  to  the  longitudinal  section,  unless  there  is  some 
special  reason  for  placing  them  otherwiaa  One  of  these  cross- 
sections  of  the  embankment  site  shonld  ran  along  the  conrse  of  the 
existing  outlet  of  the  reservoir  site  (usually  a  stream),  and  another 
along  ^e  course  of  the  intended  outlet  (usuallj  a  culvert  containing 
one  or  more  pipes). 

III.  MaieriaJL — ^The  materials  of  the  site  of  the  intended  embank- 
ment should  be  either  impervious  to  water  or  capable  of  being 
easily  removed  so  &r  as  they  are  pervious,  in  order  to  leave  a  water- 
tight  foundation;  and  their  nature  is  to  be  ascertained  by  borings 
and  trial  pits,  as  to  which,  see  Article  187,  p.  331,  and  Article  391, 
p.  598 ;  and,  if  necessary,  by  mines.  (Article  392,  pw  594.)  In  many 
cases  it  is  not  sufficient  to  confine  this  examination  to  the  site  of 
the  embankment;  but  the  bottom  and  sides  <^  the  reservoir-basin 
must  be  examined  also,  in  order  to  ascertain  whether  they  do  not 
contain  the  outcrop  of  porous  strata,  which  may  conduct  away  the 
impounded  water.  The  best  material  for  the  foundation  of  a  reser- 
voir embankment  is  clay,  and  the  next^  compact  rock  free  from 
fissurea  Springs  rising  under  the  base  of  the  embankment  are  to 
be  carefully  avoided. 

The  engineer  should  ascertain  where  earth  is  to  be  found  suit- 
able for  making  the  embankment,  and  especially  day  fit  for  puddle. 

^^2,  iLmmA  Awaah  means  land  which  li<s  near  the  maigin  of  a 
reservoir,  at  a  height  not  exceeding  three  feet  above  the  top  water- 
level,  an4  whose  drainage  is  consequently  injured  The  promoters 
of  the  reservoir  are  sometimes  obliged  to  purchase  such  land.  Its 
boundary  is  of  course  a  contour-line. 

463.  €?— tfcti—  •f  Baicrvir  gaifcMki— tfc — I.  General  Figure 
<md  DimmsionB, — ^A  reservoir  embankment  rises  at  least  3  feet 
above  the  top  water-level,  and  in  some  cases  4,  6,  or  even  10  feet.  It 
has  a  level  top,  whose  breadth  may  be  in  ordinaiy  cases  about  one- 
third  of  the  greatest  height  of  the  embankment ;  the  outer  slope,  or 
that  furUiest  from  the  water,  may  have  an  inclinatiou  regulated  by 
the  stability  of  the  material,  such  as  1^  to  1,  or  2  to  1 ;  the  inner 
slope,  or  that  next  the  water,  is  always  made  flatter,  its  most  com- 
mon inclination  being  3  to  1. 

II.  The  Setting-out  of  the  boundaries  of  the  embankment  on  the 
ground  (see  Article  67,  p.  1 1 3)  is  to  be  performed  with  great  accuracy, 
by  the  aid  of  the  cross-sections  already  mentioned  in  a  preceding 
article.  The  following  method  also  has  been  found  conveni^[Lt  in 
suitable  situationa  On  the  side  of  the  valley,  at  one  end  of  the  pro- 
posed embankment,  erect  upon  props  a  wooden  rail,  with  its  upper 
edge  exactly  horizontal,  and  exactly  in  the  plane  of  the  slope  to  be  set 
out  At  a  convenient  distance  back  from  the  nUl  as  regards  the 
slope,  set  up  a  prop  supporting  a  sight  having  a  small  eye-hole,  also 
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exactly  in  the  plane  of  the  .elope  to  be  set  oat  A  row  of  pegs 
ranged  from  the  flight  ao  as  to  mark  points  on  the  ground  in  a  line 
with  the  upper  edge  of  the  rail  will  gi^e  the  foot  of  the  slope. 

The  same  rail  (with  two  different  sights)  maj  be  used  to  set  out 
both  slopes,  if  its  u{^r  edge  coincides  with  their  line  of  inter- 
section. Let  the  inner  slope  be  «  to  1,  the  outer  8^  to  1,  the  breadth 
of  the  top  of  the  embankment  6;  then  the  height  of  that  line  of  in- 
tersection above  the  top  of  the  embankment  u, 

b^i»  +  &. (1-) 

and  its  bonzontal  distance  outwards  from  the  centre  line  of  the 
embankment  is, 

6  («  -  -0  -^  2  (#  +  «0 (2.) 

An  instrument  consisting  of  a  bar  with  two  sights  capable  of 
turning  about  an  axis  adjusted  so  as  to  be  perpendicular  to  the 
slope  to  be  ranged  has  been  used  for  the  same  purpose. 

Ill  Preparing  the  FaunckUian, — ^The  foundation  is  to  be  pre- 
pared by  stripping  off  the  soil,  and  excavating  and  removing  all 
porous  materials,  such  as  sand,  gravel,  and  fissured  rock,  until  a 
compact  and  water-tight  bed  is  reached* 

lY.  The  Calvert  for  the  outlet-pipes  is  next  to  be  built  in 
cement  or  strong  hydraulic  mortar,  resting  on  a  base  of  hydraulic 
concrete.  Its  internal  dimensions  must  be  sufficient  to  admit  of  the 
access  of  workmen  beside  the  pipe  or  pipes  which  it  is  to  contain. 
The  principles  which  should  regiilate  its  figure  and  thickness  are 
those  which  have  been  explained  in  Article  297  A,  p.  433.  The 
outer  or  down-stream  end  of  the  culvert  is  usually  open,  and  often 
has  wing- walls  sustaining  the  thinist  of  part  of  the  outer  slope  of 
the  embankment;  the  inner  or  up-stream  end  is  usually  closed  with 
water-tight  masonry,  through  which  the  lowest  or  scouring  outlet- 
pipe  passes.  In  some  reservoirs  there  is  a  water-tight  partition  of 
masonry  at  an  intermediate  point  in  the  culvert.  The  culvert  is  to 
be  well  coated  with  clay  puddle.  (Article  206,  p.  344.)  In  the 
best  constructed  reservoirs  a  tower  stands  on  the  inner  end  of  the 
culvert,  to  contain  outlet-pipes  for  drawing  water  from  different 
levels,  with  valves,  and  mechanism  for  opening  and  shutting  theuL 

Sometimes  a  cast  iron  pipe  is  laid  without  any  culvert. 

*  The  following  method  was  need  by  Jardine  to  dear  niMoand  pieces  away  from 
the  rock  foundation  of  the  embankment  of  Glenooree  reservoir,  near  Edinbni^fa. 
A  layer  of  day  paddle  was  spread  and  well  rammed  over  the  surface  of  the  rock, 
and  was  then  torn  off,  when  all  the  flssnred  fragments  came  away  adhering  to  the 
abeet  of  puddle,  leaving  a  sniiaoe  of  sonnd  rock  for  the  fbondation  of  the  embank- 
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y.  Making  the  Efrdnrnkment — ^The  embankment  is  to  be  made 
of  clay  in  thin  horizontal  layers,  as  described  in  Article  199, 
Division  III.,  p.  341.  The  central  part  of  the  embankment  shoold 
be  a  ^^  puddle  wall,**  of  a  thickness  at  the  base  eqaal  to  abont  one- 
third  of  its  height ;  it  may  diminish  to  about  two-thirds  or  one- 
half  of  that  thickness  at  the  top.  Great  care  must  be  taken  that 
the  puddle  vail  makes  a  perfectly  water-tight  joint  with  the  ground 
throughout  the  whole  of  its  course,  and  also  with  the  puddle  coating 
of  the  culvert* 

During  the  construction  of  a  reservoir  embankment  care  should 
be  taken  to  provide  a  temporary  outlet  for  the  water  of  its  gather* 
ing-groui\d,  sufficient  to  carry  away  the  greatest  flood-discharge. 
This  may  be  done  either  by  having  a  pipe  sufficient  for  the  purpose 
traversing  the  culvert,  or  by  completing  a  sufficient  bye-wash  before 
the  embankment  is  commenced. 

VI.  Protection  of  Slopes  and  Top, — ^The  outer  slope  is  usually 

§rotected  from  the  weather  by  being  covered  with  sods  of  gras& 
'he  inner  slope  is  usually  pitched  or  faced  with  dry  stone  set  on 
edge  by  hand,  about  a  foot  thick,  up  to  about  three  feet  above  the 
top  water-level,  and  as  much  higher  as  waves  and  spray  are  found  to 
rise.  The  top  of  the  embankment  may  be  covered  with  sods  like 
the  outer  slope;  but  it  is  often  convenient  to  make  a  roadway  upon 
it;  in  either  case  it  should  be  dressed  so  as  to  have  a  slight  con- 
vexity in  the  middle,  like  that  given  to  ordinary  roads,  in  order 
that  water  may  run  off  it  readily. 

No  trees  or  shrubs  should  be  allowed  to  grow  on  a  reservoir 
embankment,  as  their  roots  pierce  it  and  make  openings  for  the 
penetration  of  water.  For  i^e  same  reason  no  stakes  siiould  be 
driven  into  it. 

464.  AppcHdagM^f  scaraRcMTT^in.  —  L  The  Wcute-ioeir  is  an 
appendage  essential  to  the  safety  of  every  reservoir.  It  is  a  weir 
at  such  a  level,  and  of  such  a  length,  as  to  be  capable  of  dischai^ig 
from  the  reservoir  the  greatest  flood-discharge  of  the  streams  which 
supply  it,  without  causing  the  water-level  to  rise  to  a  dangerous 
height.  (As  to  the  discharge  over  a  weir,  see  Article  449,  Divisions 
II.,  III.,  VI.,  and  VII.,  pp.  682  to  684.)  The  water  discharged  over 
the  weir  is  to  be  received  into  a  channel,  open  or  covered,  as  the 
situation  may  require,  and  conducted  into  the  natural  water-course 
below  the  reservoir  embankment  The  weir  is  to  be  built  of  ashlar 
or  squared  hanmier-dressed  masonry;  the  bottom   of  the  waste- 

*  The  late  Mr.  Smith  of  Deanston  ramined  and  paddled  each  sneoessiye  Uj-er 
of  a  reservoir  embankment  by  erecting  a  rail-fenoe  along  each  side  of  it,  and  driving 
a  flock  of  sheep  several  times  backwards  and  forwards  along  it 

Clay  paddle  may  be  protected  against  the  burrowing  of  rats  by  a  mixtare  of 
engine  ashes,  care  being  taken  not  to  add  ao  mach  as  to  make  it  ptfTioos  to  water. 
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channel^  directly  in  front  of  it,  is  best  protected  by  a  series  of  rongh 
stone  steps,  which  break  the  fall  of  the  water.  Instead  of  a  waste- 
weir,  a  tvaste-pU  has  in  some  cases  been  used ;  that  is  to  say,  a 
tower  rising  through  or  near  the  embankment  to  the  top  water- 
level;  the  waste  water  falls  into  this  tower  and  is  carried  away  by 
a  cnlvert  from  its  bottom ;  but  the  efficiency  and  safety  of  this  con- 
trivance are  very  questionable,  for  it  seldom  can  have  a  sufficient 
extent  of  overfall  at  the  top. 

IL  Waste-sluices  may  be  opened  to  assist  the  waste-weir  in  dis- 
charging an  excessive  supply  of  water.  They  may  either  be  under 
the  control  of  a  man  in  charge  of  the  reservoir,  or  they  may  be 
self-acting.  The  simplest  and  best  self-acting  waste-sluice  is  that 
of  M.  Chaubart,  as  to  which,  see  A  Manual  of  the  Steam  Engine  and 
other  Prime  Movers,  Article  139,  p.  153. 

III.  Culvert,  Valve-Tower,  Bridge,  Outlet-Pipes  and  Valves. — Tlie 
culvert  and  its  tower  have  been  mentioned  in  the  preceding  article. 
When  the  tower  is  imbedded  in  the  embankment,  as  it  sometimes 
is,  it  is  called  the  valve-pit;  but  the  best  position  for  it  is  in  the 
reservoir,  just  clear  of  the  embankment;  and  then  a  Ught /oo^ 
bridge  is  required  to  give  access  to  it  from  the  top  of  the  embank- 
ment. 

When  the  olgect  of  a  store  reservoir  is  simply  to  equalize  the 
flow  of  a  stream,  in  order  to  protect  the  lower  country  fix>m  floods, 
and  to  obtain  an  increased  ordinaiy  flow  available  for  irrigation  and 
water-power,  one  outlet-pipe  may  be  sufficient,  discharging  into  the 
natural  water-course  below  the  embankment;  but  if  the  water  is  to 
be  used  for  the  supply  of  a  town,  or  for  any  other  purpose  to  which 
cleanness  is  essential,  there  must  be  at  least  two  outlet-pipes, — the 
ordinary  discharge-pipe,  which  takes  the  water  from  a  point  or  points 
not  below  the  lowest  water-level  of  the  reservoir,  in  order  to  con- 
duct it  to  the  town  or  place  to  be  supplied ;  and  the  deansing-pipe, 
which  takes  the  water  at  or  near  the  lowest  point  in  the  reservoir, 
and  discharges  it  into  the  natural  water-coui'se  below  the  embank- 
ment, and  is  only  opened  occasionally  in  oixler  to  scour  away  sediment. 
The  water-course,  where  such  scouring  discharge  falls  into  it,  must 
have  its  bottom  protected  by  a  stone  pitching.  As  to  the  discharge 
of  pipes,  see  Article  450,  p.  684. 

The  mouthpieces  of  such  pipes  should  be  guai'ded  against  the 
entrance  of  stones,  pieces  of  wood,  or  other  bodies  which  might 
obstruct  them  or  injure  the  valves,  by  means  of  convex  gratings. 
The  valves  best  suited  for  them  are  slide  valves,  as  to  which,  see  A 
Manual  of  tlie  Steam  Engine  and  other  Prime  Movers,  Article  120, 
p.  124. 

IV.  The  Bye-wash  is  a  channel  sometimes  used  to  divert  past 
the  reservoir  the  waters  of  the  sti'eams  which  supply  it,  when  these 

2z 
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are  turbid  or  otherwise  impure.  Its  dimensions  are  fixed  accord- 
ing to  the  principles  of  Article  451,  p.  685.  Its  course  usually  lies 
near  one  margin  of  the  reservoir,  and  is  then  conveniently  situated 
for  receiving  the  water  discharged  by  the  waste-weir. 

In  some  cases,  when  a  reservoir  has  been  made  under  a  stipula- 
tion that  only  the  surplus  above  a  certain  quautiiy  was  to  be 
allowed  to  flow  into  it  from  the  streams,  the  whole  of  the  streams 
have  been  conducted  past  the  reservoir  in  a  bye-wash,  having  weirs 
or  overfalls  along  its  margin,  at  certain  points  in  its  course  above 
the  top  water-level  of  the  reservoir.  The  levels  of  those  weira  were 
so  adjusted  that  when  no  more  than  the  prescribed  quantity  flowed 
down  the  bye- wash  none  escaped  over  ihe  weirs;  but  when  th»;e 
was  any  surplus  flow  in  the  bye- wash,  the  water  in  it  rose  above  the 
crests  of  the  weirs,  and  the  surplus  escaped  over  them  into  the 
reservoir. 

y.  Diventon-euia  are  permanent  bye- washes  for  streams  that  are 
so  impure  as  to  be  rejected  altogether. 

YI.  Feeders  are  small  channels  for  diverting  either  streams  or 
surface  drainage  into  the  reservoir,  and  so  inci^easing  its  gathering- 
ground.  When  used  to  cateh  surface  drainage,  they  have  been 
found  to  conduct  to  the  reservoir  from  one-quarter  to  one-half  of  the 
rain-falL 

In  connection  with  feeders  for  diverting  streams  into  the  re8ei^ 
voir  may  be  mentioned  what  may  be  called  a  separating-weiry  the 
invention  of  an  assistant  of  Mr.  Bateman,  and  first  used  in  the 
Manchester  water-works.  A  weir  built  across  the  channel  of  a 
stream  has  in  front,  and  parallel  to  its  crest,  a  small  conduit  running 
along  its  front  slope  at  such  a  level  that  when  the  stream  is  in  flood, 
and  therefore  turbid,  the  cascade  from  the  top  of  the  weir  oveiv 
leaps  the  conduit,  and  runs  down  the  front  slope  into  the  natural 
channel,  which  conveys  it  to  a  reservoii'  for  the  supply  of  mills;  but 
when  the  flow  is  moderate,  the  cascade  falls  into  the  small  conduit, 
which  leads  it  into  a  feeder  of  the  store  i^eservoir  for  the  supply  of 
the  city. 

The  horizontal  distance  x  to  which  a  cascade  from  the  crest  of  a 
weir  will  leap  in  the  course  of  a  given  fall  z  below  that  crest  may  be 
thus  calculated.  The  mean  velocity  with  which  the  cascade  shoots 
from  the  weir-crest  is  nearly 

v=|  X  8025  V^  =  5-35  ^/^ (3.) 

It,  being  the  height  from  the  weir-crest  to  still  water  in  the  pond. 
Then 
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x  =  ^~^,r=^tjzh^,  (4.) 
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465.  HcMrr«lr  w^Ds.—- Betaining  walls  are  often  used  at  the  foot 
of  the  slopes  of  a  reservoir  embankment;  they  are  of  course  to  be 
built  in  strong  and  durable  hydraulic  mortar,  especially  at  the  foot 
of  the  inner  slope.  As  to  their  stability  and  construction,  see 
Articles  265  to  271,  pp.  401  to  410. 

Where  the  gorge  to  be  closed  is  of  small  dimensions  either  hori- 
zontally or  vertically,  a  wall  may  be  used  instead  of  an  embank- 
ment; the  formuke  applicable  to  its  stability  being  deduced  from 
the  general  formulce  for  retaining  walls  by  making  the  angle  of 
repose  =  0,  and  putting  62*4  for  ^e  weight  of  a  cubic  foot  of  the 
pressing  material. 

It  is  advisable,  unless  the  foundation  is  unusually  firm,  to  limit 
the  deviation  of  the  centre  of  resistance  at  the  base  of  the  wall,  from 
the  centre  of  the  base,  to  one-fourth  of  the  thickness. 

The  result  is,  that  either  for  a  rectangular  wall,  or  for  a  trapezoidal 
wall  with  the  inner  face  vertical,  and  the  thickness  at  the  top  one- 
fourth  of  the  thickness  at  the  base,  the  thickness  at  the  base  should 
be  about  six-tenths  of  the  height 

If  the  wall  stands  on  a  soft  foundation,  it  may  be  advisable  to 
make  the  centre  of  resistance  coincide  with  the  centre  of  figure  of 
the  base,  and  for  that  purpose  the  wall  may  be  made  of  an  isosceles 

triangular  form  of  section,  with  the  base  =  the  height  x  *s/2,  or 
1*414  nearly. 

466.  Ijake  B— cryiw. — To  convert  a  natural  lake  into  a  reservoir 
it  must  be  provided  with  a  waste-weir,  and  with  one  or  more 
outlets  at  the  intended  lower  water-level,  controlled  by  valves. 
As  to  the  waste-weir,  two  methods  may  be  followed,— one  is  to 
leave  the  natural  outlet  to  act  as  a  waste-weir,  but  that  outlet  is 
seldom  broad  enough  to  do  so  without  causing  undue  variation  in 
the  top  water-level ;  the  other  is  to  make  a  dam  or  embankment 
across  the  outlet,  with  an  artificial  waate-weir.  The  waste-weir 
may  be  made  to  answer  as  a  dam.  The  outlet  or  outlets  may  be 
made  either  by  building  a  culvert  with  pipes  in  an  excavation  of 
suificient  depth,  or  by  tunnelling  through  one  of  the  ridges  that 
enclose  the  lake. 

Sectioh'  IV. — Of  NaJLural  and  Artificial  Water-Channds. 

467.  Bmtmjimu  uid  I<«TelliBg  •f  Water-ChaBHelfl. — The  principles 
which  connect  the  dimensions,  figure,  declivity,  velocity  of  current, 
and  discharge  of  a  water-channel  have  already  been  fully  set  forth 
in  Articles  444  and  445,  pp.  673  to  674,  and  Articles  451  to  454, 
pp.  686  to  691.  In  the  present  section  are  to  be  explained  the 
principles  according  to  which  such-channels,  whether  natural  or 
artificial,  are  constructed,  preserved,  and  improved. 
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The  plans  of  an  existing  or  intended  water-cliannel  require  no 
special  remark  beyond  what  has  already  been  stated  as  to  plans  in 
general  in  the  first  part  of  this  work,  except  that  in  the  case  of  existing 
streams  liable  to  overflow  their  banks,  they  should  show  the  bound- 
aries of  lands  liable  to  be  flooded,  and  also  of  those  liable  to  be  laid 
avxjtsh  (see  Article  462,  p.  702),  and  that  their  utility  will  be  greatly 
increased  by  contour-lines.  The  longitudinal  section  should  be 
made  along  the  centre  line  of  a  proposed  channel,  and  along  the 
line  of  the  most  rapid  cun^ent  in  an  existing  channel;  and  it  should 
show  the  levels  of  both  banks  as  well  as  those  of  the  bottom  of  the 
channel,  and  of  the  surface  of  the  current  in  its  lowest,  ordinary, 
and  flooded  conditions.  It  should  be  accompanied  by  numerous 
cross-sections,  especially  in  the  case  of  existing  streams  of  variable 
sections;  and  of  those  cross-sections  a  sufficient  number  should 
extend  completely  across  the  lands  flooded  and  awash,  to  show  the 
figure  of  their  surface.  They  should  include  accurate  drawings  of 
the  archways,  i*oadways,  and  approaches  of  existing  bridges,  also  of 
existing  weirs  and  other  obstructions.  The  nature  of  the  strata 
should  be  ascertained,  as  for  any  piece  of  earthwork,  by  sinking  pits 
and  borings,  and,  in  the  case  of  an  existing  channel,  by  probing  its 
l)ottom  also,  and  the  results  should  be  shown  on  the  section  and 
plan. 

468.  B^gtme  mr  IMAbllltf  •f  m.  Water-Cbuiael. — A  water-channel 
is  said  to  be  in  a  state  of  rigime  or  stability  when  the  materials  of 
its  bed  are  able  to  resist  the  tendency  of  the  current  to  sweep  them 
forward.  The  following  table  shows,  on  the  authority  of  Du  Buat, 
the  greatest  velocities  of  the  current  dose  to  the  bed,  consistent  with 
the  stability  of  various  materials : — 

Softclay, o*2«?  foot  p^  second. 

Fine  sand, 0-50     „ 

Coarse  sand,  and  gravel  as  large  as  peas,  070 

Gravel  as  large  as  French  beans, 1*00     „ 

Gravel  1  inch  in  diameter, 2*25  feet  per  second. 

Pebbles  1^  inch  diameter, 3*33     „  „ 

Heavy  shingle, 4*00     „  „ 

Soft  rock,  brick,  earthenware, 4  '50     „  „ 

Rock,  various  kinds, {Sup'^arda.  " 

As  to  the  relation  between  the  surface  velocity,  the  mean  velocity, 
and  the  velocity  close  to  the  bed,  see  Article  445,  p.  674. 

The  condition  of  the  channels  of  sti-eams  which  have  a  rocky  bed 
is  generally  that  of  stability.  When  the  bed  is  stony  or  gravelly 
the  condition  is  most  frequently  that  of  stability  in  the  ordinary 
state  of  the  river^  and  instability  in  the  flooded  state. 
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When  the  bed  is  earthy  its  usnal  condition  is  either  just  stcMe 
and  no  fnore,  or  permanently  unstable.  The  former  of  these  condi- 
tions arises  from  the  fact  of  the  stream  carrying  earthy  matter  in 
suspension,  so  that  the  bed  consists  of  particles  which  are  just  heavy 
enough  to  be  deposited,  and  which  any  slight  increase  of  velocity 
would  sweep  away. 

The  bottom  of  a  river  in  a  permanently  unstable  condition  pre- 
sents, as  Du  Buat  pointed  out,  a  series  of  transverse  ridges,  each 
with  a  gentle  slope  at  the  up-stream  side  and  a  steep  slope  at  the 
down-stream  side.  The  particles  of  the  bed  are  I'oUed  by  the 
current  up  the  gentle  slope  till  they  come  to  the  crest  of  the 
ridge,  whence  they  eventually  drop  down  the  steep  slope  to  the 
bottom  of  a  furrow,  where  they  become  covered  up,  and  remain  at 
rest  till  the  gradual  removal  of  the  whole  ridge  leaves  them  again 
exposed. 

When  the  banks,  as  well  as  the  bottom,  are  unstable,  the  river- 
channel  undergoes  a  continual  alteration  of  form  and  position.  If 
the  banks  are  straight,  they  soon  become  curved,  for  a  veiy  slight 
accidental  obstacle  is  sufficient  to  divert  the  main  current  so  that  it 
acts  more  strongly  on  one  bank  than  on  the  other :  the  former  bank 
is  scooped  away,  and  becomes  concave,  and  the  earthy  matter  sus- 
pended in  the  stream  is  deposited  in  the  less  rapid  part,  so  as  to 
make  the  opposite  bank  convex.  A  curved  part  of  a  river-channel 
tends  to  become  continually  moi*e  and  more  curved ;  for  the  centri- 
fugal force  (or  rather  the  tendency  of  the  particles  of  water  to 
proceed  in  a  straight  line)  causes  the  particles  of  water  to  accumu- 
late towards  the  concave  bank ;  the  current  is  consequently  more 
rapid  there  than  towards  the  convex  bank,  and  it  scoops  away  both 
the  bank  and  the  bottom  (unless  they  are  able  to  resist  it),  and 
deposits  the  material  in  some  slower  part  of  the  stream :  thus  the 
line  of  the  strongest  current  is  always  more  circuitous  than  the  centre 
line  of  the  channel;  and  the  action  of  the  current  tends  to  make  the 
concave  banks  more  concave,  the  convex  banks  more  convex,  and 
the  whole  course  of  the  river  more  serpentine.  This  goes  on  until 
the  current  meets  some  material  which  it  cannot  sweep  away,  or 
until,  by  the  lengthening  of  the  course  of  the  stream  and  the  con- 
sequent flattening  of  its  declivity,  its  velocity  is  so  much  reduced 
that  it  can  no  longer  scoop  away  its  banks,  and  stability  is  estab- 
lished. In  some  cases  stability  is  never  established ;  but  the  river 
presents  a  serpentine  channel  which  continually  changes  its  form 
and  position. 

One  of  the  chief  objects  of  engineering,  in  connection  with  the 
channels  of  streams,  is  to  protect  their  banks  against  the  wearing 
action  of  the  current,  so  as  in  some  cases  to  give  them  that  stability 
whicb  they  want  in  their  natural  condition,  and  in  other  cases  to 
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give  them  the  additional  stability  that  is  reqtiired  in  order  to  resist 
an  increased  velocity  of  current,  produced  by  improvements  in  the 
course  and  form  of  the  channel 

469.  F»#tecti—  •€  HlTcr^llaaln. — ^The  most  efficient  protection 
to  the  banks  of  a  stream  is  a  thick  growth  of  watei^plants ;  but  a.s 
these  form  a  serious  impediment  to  the  current,  artificial  protection 
must  be  substituted  for  them,  at  least  below  the  average  water- 
level.  Above  that  level  a  plantation  of  small  willows  forms  a  gooil 
defence  against  the  destructive  action  of  floods ;  but  it  is  not  appli- 
cable where  there  is  a  towing-path.  The  means  of  artificaally 
protecting  river-banks  may  be  thus  classed: — I.  Fascines.  11. 
Timber  sheeting.  III.  Iron  sheeting.  IV.  Crib-work.  V.  Stone 
pitching.     VI.  Retaining  walls.     VII.  Groins. 

L  FascineSf  already  referred  to  in  Article  417,  p.  625^  are 
bundles  of  willow  twigs  fi\)m  9  to  1 2  inches  in  diameter :  the  largest 
are  about  20  feet  long,  but  12  feet  is  a  more  common  length  :  they 
are  tied  at  every  4  feet,  or  thereabout&  For  the  protection  of  a 
river-bank  below  the  low  tvcUer-levd  an  "apron"  or  "beard"  is  laid, 
consisting  of  fascines  lying  with  their  length  up  and  down  the  fdope 
of  the  bank ;  the  upper  ends  are  fastened  down  to  the  bank  with 
stakes  about  4  four  feet  long;  the  lower  ends  are  sunk,  and  held 
down  under  water  by  loading  them  with  stones.  To  protect  the 
bank  above  tJie  low  ivcUer-levd  fascines  are  laid  horizontally  in  layers, 
with  their  butt  ends  towards  the  stream,  so  as  to  form  a  series  of 
steps  rising  at  the  same  rate  with  the  slope  of  the  lower  part  of  the 
bank,  or  nearly  so  (say  from  Itoltodtol);  each  layer  is  fastened 
down  v/ith  three  rows  of  stakes  4  teet  long;  the  heads  of  the  stakes 
rise  8  inches  or  thereabouts  above  the  fascines,  and  are  laced  or 
wattled  with  wicker-work,  so  as  to  form  a  crib  for  the  retention  of 
a  layer  of  gravel. 

Fascines  usually  last  6  years  above  the  low  water-level  and  10 
yeara  below. 

II.  Timber  Sheeting  may  consist  either  of  sheet-piles  (already 
described  in  Article  404,  p.  605)  or  of  guide-piles  and  horizontal 
planks,  described  in  Article  409,  p.  613.  The  wales  of  the  sheet- 
piling  or  the  guide-piles  of  the  planking  must  be  tied  back  to 
anchoring-plates  made  of  planks  buried  in  a  firm  stratum  of 
earth  at  a  suificient  distance  back  from  the  bank.  The  holding 
[)ower  of  such  anchoring-plates  depends  on  the  same  principles 
as  that  of  iron  anchoring-plates,  as  to  which,  see  Article  272, 
p.  410. 

III.  Iron  Sheeting  has  already  been  described  in  Article  404,  p. 
606.  It  is  sometimes  used  for  the  faces  ot  quays  in  navigable  rivers, 
being  tied  back  to  anchoring-plates.     (Aiticle  272,  p.  410.) 

IV.  As  to  Grib-workf  see  Article  409,  p*  614     When  uaed  for  a 
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quay  or  river-bank  its  intenrtioeB  are  rammed  full  of  day  and 
graveL 

V.  Dry  Stone  Pitching  is  used  to  protect  earthen  banks,  of  slopes 
ranging  from  that  of  1  to  1  to  that  of  2  to  1,  or  flatter.  It  consists 
of  stones  roughly  squared,  and  laid  by  hand  in  courses.  Its  thick- 
ness is  usually  from  8  to  12  inches  at  the  top,  and  increases  in 
going  down  at  the  rate  of  2  or  3  inches  per  yaid.  The  foot  of  the 
pitching  must  abut  against  a  foundation  sufficient  to  prevent  it 
from  slipping.  Such  a  foundation  may  be  made  by  sinking  a  row 
of  oblong  baskets,  each  containing  about  2  cubic  yards  of  gravel,  or 
by  driving  a  row  of  piles  with  horizontal  wales  at  the  inner  side  of 
their  heads;  the  strength  of  the  wales  is  a  matter  of  calculation; 
they  have  to  resist  a  maximum  pressure  =  weight  of  pitching  x  rise 
of  slope  -r  length  of  slope,  the  friction  of  the  pitching  on  the 
earth  being  neglected  for  the  sake  of  security. 

YI.  Retaining  Walls  are  used  chiefly  where  quays  are  required, 
and  will  be  again  mentioned  further  on. 

YII.  Groins  are  small  dykes  projecting  at  right  angles  to  the 
bank  to  be  protected,  and  are  made  either  of  loose  stones,  of  piles 
and  planks,  or  of  wattled  stakes.  Each  groin  protects  a  portion  of 
the  bank  of  about  ^i*e  times  its  own  length,  and  usually  causes  the 
current  that  sweeps  round  its  point  to  scoop  out  an  excavation  in 
the  bottom  of  the  channel  of  a  breadth  equal  to  about  one-quarter 
of  the  length  of  the  groin,  the  material  scooped  out  being  deposited 
in  the  space  between  the  groins.  Groins,  besides  being  an  obstruc- 
tion to  the  current,  are  injurious  to  the  regularity  of  figure  and 
stability  of  the  bottom  of  the  channel,  and  should  only  be  used  as  a 
temporaiy  expedient  to  protect  the  banks,  until  works  of  a  better 
description  can  be  completed. 

470.  laipMVMMcBt  •€  HlvctoClMiBBehM — ^The  defects  in  a  river- 
channel  which  are  to  be  removed  by  improvements  are  usually  of 
the  following  kinds: — The  channel  may  be  too  shallow,  either 
generally  or  in  particular  places;  it  may  be  too  narrow,  either 
generally  or  in  particular  places ;  it  may  even  in  particular  places 
be  too  wide,  if  the  breadth  is  so  great  as  to  cause  the  formation  of 
shoals  by  enfeebling  the  current ;  its  declivity  may  be  too  flat^ 
either  from  the  existence  of  obstacles,  such  as  shoals,  islands,  weirs, 
ill-constructed  bridges,  or  the  like,  or  from  its  course  being  too 
circuitous ;  occasionally,  but  rarely,  the  declivity  may  be  too  steep 
at  particular  places,  giving  rise  to  a  current  so  rapid  as  to  make  it 
impossible  to  preserve  the  stability  of  the  bed;  but  this  defect 
generally  arises  from  the  declivity  being  too  flat  elsewhere;  it  may 
contain  sharp  turns,  injurious  to  the  stability  of  the  banks;  it  may 
be  divided  into  branches,  so  as  to  enfeeble  the  current. 

Setting  aside  for  the  present  dvvemms  of  the  eourse  of  a  river. 
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which  will  be  considered  in  the  next  article,  the  works  for  the 
improvement  of  the  channel  consist  mainly  of: — L  Excavations  to 
remove  islands  and  shoals,  and  widen  narrow  places.  IL  Ululating 
dykes,  to  contract  wide  shallowa  IIL  Works  for  stopping  useless 
branches. 

Before  commencing  alterations  of  any  kind  in  a  river-channel 
careful  calculations  should  be  made,  according  to  the  principles 
explained  in  Section  I.  of  this  chapter,  of  the  probable  effect  of 
such  alterations  on  the  level,  declivity,  and  velocity  of  the  current 
in  different  states  of  the  river.  The  object  kept  in  view  should  be 
to  obtain  a  channel  either  of  nearly  uniform  section,  or  of  a  section 
gradually  enlaiging  from  above  downwards,  with  a  current  that 
shall  be  sufficient  to  discharge  flood- waters  without  overflowing  the 
banks  more  than  can  be  avoided,  and  at  the  same  time  not  so  rapid 
as  to  make  it  difficult  or  impossible  to  preserve  the  stability  of  the 
channel 

All  improvements  of  river-channels  should  be  begun  at  the 
lowest  point  to  be  altered,  and  continued  upwards ;  beoiuse  every 
improvement  takes  effect  on  the  parts  of  the  stream  above  it 

I.  Excavation  under  water,  by  hand  dredging,  machine  dmlging, 
and  blasting,  has  been  described  in  Article  410,  p.  614.  When  the 
current  is  at  a  low  level,  it  may  occasionally  be  advantageous  to 
excavate  parts  of  the  bed  by  enclosing  them  with  temporary  dams 
as  if  for  foimdations  (Article  409,  p.  611),  and  laying  them  dry. 
Excavation  of  a  muddy,  sandy,  or  gravelly  bottom,  by  the  aid  of  the 
current,  is  performed  by  mooring  at  the  place  to  be  deepened  a 
boat,  furnished  with  a  transverse  projecting  frame  covered  with 
boards  or  canvas;  this  frame  descends  to  within  3  or  4  inches  of 
the  bottom  of  the  channel,  and  the  current,  forced  through  that 
narrow  opening,  scoops  out  the  material  and  sweeps  it  away.  From 
30  to  70  cubic  yards  per  day  have  been  excavated  in  this  manner 
with  a  single  boat. 

II.  Jiegulating  Dykes  should  be  adopted  with  great  caution^  and 
only  where  the  excessive  width  of  the  channel  is  an  undoubted 
cause  of  shallowness.  They  should  not  in  any  case  rise  much 
above  the  low  water-level,  lest  they  contract  too  much  the  space 
for  flood-waters.  They  may  be  built  either  of  diy  stone,  with  a 
slope  of  about  1  to  1,  or  of  wattled  piles  and  graveL  The  ordinarv 
rules  for  the  construction  of  dykes  of  the  latter  kind  are  as 
follows : — ^The  piles  in  a  double  row  to  be  driven  into  the  ground 
to  a  depth  equal  to  twice  the  depth  of  water;  their  diameter  not 
less  than  l-20th  of  their  length;  their  distance  apart  longitudinally 
to  be  equal  to  the  depth  of  water;  the  distance  transversely 
between  the  rows  of  piles  to  be  once  and  a-half  the  depth  of 
water.     They  are  to  be  tied  together  transversely,  and  wattled  with 
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willow   twigs,  and  the  space  between  the  two  rows  filled  with 
graveL 

III.  The  Stopping  of  Brcmclies  should  be  performed  at  their 
upper  ends.  In  a  gentle  current  it  may  be  effected  by  means 
of  an  embankment  of  stones  and  gi'avel,  advancing  simultaneously 
from  the  two  banks  until  it  is  closed  in  the  centre;  in  a  more 
rapid  stream  a  dyke  of  wattled  piles  and  gravel,  made  as  already 
described,  may  be  used ;  should  the  current  be  too  strong  for  either 
of  these  plans,  a  raft,  boat,  or  caisson  (Article  409,  Division  III., 
p.  613),  or  a  crib- work  dam  (Article  409,  Division  IV.,  p.  614), 
loaded  with  stones,  is  to  be  moored  across  the  stream  and  sunk. 
The  branch  channel  having  had  its  current  stopped  will  silt  up 
of  itself. 

471.  iNTMrai«a«  •f  Rtm^k««Beii  are  usually  adopted  for  the 
purpose  of  rendering  the  course  less  circuitous.  In  designing  them 
regard  should  be  had  to  the  principles  already  explained  in  Section 
I.  of  this  chapter,  and  in  the  preceding  articles  of  this  section ;  and 
care  should  be  taken  not  to  make  the  course  too  direct,  lest  the 
current  be  rendered  too  rapid  for  the  stability  of  the  bed.  A 
slightly  curved  channel  is  always  better  than  a  straight  channel ; 
because  in  the  former  the  main  current  takes  a  de^nite  counte, 
beiog  always  nearest  the  concave  bank;  whereas  in  a  straight 
channel  its  course  is  liable  to  keep  contimially  changing. 

The  form  of  cross-section  with  a  horizontal  base  and  sloping  sides 
which  gives  the  least  friction  with  a  given  area  has  already  been 
described  in  Article  451,  p.  688,  and  it  may  be  adopted  if  the 
stream  is  to  act  solely  as  a  conduit  for  the  conveyance  of  water ; 
but  should  it  be  navigable,  a  figure  must  be  adopted  suited  to  the 
convenience  of  the  navigation.  This  will  be  further  considered  in 
Chapter  III.  of  this  part 

472.  A  Wcir  is  an  embankment  or  dam,  usually  of  stone,  some- 
times of  timber,  constructed  across  the  channel  of  a  stream.  As  to 
its  effect  on  the  water-level,  see  Articles  452  and  453,  pp.  689 
and  670. 

When  erected  for  purposes  of  water-power  or  water-supply,  the 
object  of  a  weir  is  partly  to  make  a  small  store  reservoir,  but 
principally  to  prolong  a  high  top  water-level  from  its  natural 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  where 
water  is  to  be  diverted  from  the  stream  to  drive  machinery,  or  for 
some  other  purpose.  When  ei*ected  for  purposes  of  navigation,  the 
object  of  a  weir  is  to  produce  a  long  reach  or  pond  of  deep  and  com- 
paratively still  water,  in  a  place  where  the  river  is  naturally 
shallow  and  rapid. 

In  planning  a  weir  three  things  are  to  be  considered :  its  line 
and  positioiQ^  its  form  of  cross-section^  and  its  oonstniction. 
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I.  Line  and  PoMon  of  a  Weir. — It  is  best  to  avoid  sharply 
carved  }Mirts  of  a  river-cnannel  in  choosing  the  site  of  a  weir,  ksi 
the  rapid  current  which  roahes  down  its  face  in  times  of  flood 
should  undermine  the  concave  bank.  For  the  proteddcm  of  the 
banks  in  any  case,  it  is  advisable  so  to  form  the  weir  that  the 
cascade  from  the  lateral  parts  of  the  crest  shall  be  directed  from  the 
banks,  and  towards  the  centre  of  the  channel.  This  may  be  effected 
either  by  making  the  weir  slightly  curved  in  plan,  with  the  con- 
cavity  at  the  down-stream  side,  or  by  making  it  like  a  V  in  plan, 
with  the  angle  pointing  up  streauL  Another  mode  of  protecting 
the  banks  is  to  make  the  crest  of  the  weir  slightly  higher  at  the 
ends  than  in  the  middle,  so  that  the  lateral  parts  of  the  cascade 
may  be  too  feeble  to  do  damage. 

In  order  to  diminish  the  height  and  extent  of  backwater  during 
floods,  the  crest  of  the  weir  is  often  made  considerably  longer  than 
the  breadth  of  the  channel;  this  is  efiected  either  by  making  it 
cross  the  channel  obliquely,  or  by  using  the  V-shape  already 
described,  the  latter  method  being  the  best  for  the  stability  of 
the  banka  The  practical  advantage  of  such  increased  length 
is  doubtfuL 

II.  Form  of  Cross-sectum. — ^The  back  or  up-stream  side  of  a 
weir  is  usually  steep,  ranging  from  vertical  to  a  slope  of  about  1  to 
1 ;  the  top  is  either  level  or  slightly  convex,  and  not  less  than 
about  2  or  3  feet  broad.  In  designing  the  front  or  down-stream 
slope  of  a  weir,  the  principal  object  is  to  prevent  the  cascade  that 
rushes  over  it  from  undermining  its  base.  The  commonest  method 
is  to  use  a  long  flat  slope  of  3  to  1,  4  to  1,  or  o  to  1,  in  order  that 
the  speed  of  the  current  may  be  diminished  by  friction,  and  that 
it  may  strike  the  bottom  of  the  channel  very  obliquely.  A  further 
protection  is  given  to  the  river-bed  by  continuing  the  front  slope  a 
short*  distance  below  the  bottom  of  the  channel,  and  then  curving 
it  slightly  upwards.  Another  method  is  to  make  the  front  of  the 
weir  present  a  steep  or  nearly  vertical  face,  over  which  the  water 
falls  on  a  nearly  level  apron  or  pitching  of  timber  or  stone. 
Probably  the  best  method  would  be  to  form  the  front  of  the  weir 
into  a  scries  of  steps,  presenting  steep  faces  and  flat  platforms 
alternately,  the  general  inclination  being  about  3  to  1 ;  thus  a 
great  fall  might  be  broken  up  into  a  series  of  small  falls,  each 
incapable  of  damaging  the  platform  which  receives  it 

III.  Canstruction. — In  order  that  the  water  of  the  pond  may 
not  force  its  way  under  the  base  of  a  weir,  or  roxmd  its  "  roots" 
(as  the  ends  which  join  the  banks  of  the  stream  are  called),  its 
foundation  should  be  examined,  chosen,  and  formed  with  precautions 
similar  to  those  used  in  the  case  of  a  reservoir  embankment^  as  to 
which,  see  Articles  461  and  463,  pp.  701  to  704.    ' 
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To  make  a  weir  of  tinthery  or  of  timber,  stones,  and  clay  com- 
bined, any  of  the  methods  may  be  employed  which  have  been 
described  under  the  head  of  "Dams,"  in  Article  409,  Divisions 
IL,  IIL,  and  IV.,  with  the  addition  that  the  back,  crest,  and  front 
of  the  dam  are  to  be  covered  with  planking  laid  parallel  to  the 
current,  to  form  an  overfall  for  the  water;  and  that  the  bottom  of 
the  channel  at  the  foot  of  the  weir  is  to  be  protected  either  by  a 
platform  of  planks  resting  on  a  timber  grating  or  on  piles,  or  by  a 
stone  pitcliing. 

A  weir  oi  fascines  may  be  built  of  horizontal  layers  of  fascines, 
staked  down  with  mixed  clay  and  gravel  packed  between  them,  in 
the  manner  described  under  the  head  of  the  protection  of  liver-banks, 
Article  469,  p.  710,  the  crest,  front,  and  foot  of  the  dam  being  pro- 
tected with  an  apron  of  Hsiscines,  like  that  described  in  the  same 
article. 

A  dry  stone  weir  is  formed  like  the  stone  embankments 
mentioned  in  Article  412,  p.  617,  with  a  steep  slope  at  the 
bank  and  a  long  gentle  slope  in  fi-ont,  pitched  or  faced  with 
roughly  squared  stones  set  in  courses,  as  in  the  pitching  of  a 
river-bank,  Article  469,  p.  711.  Sometimes  a  skeleton  crib  of 
timber,  consisting  of  piles  and  longitudinal  and  transverse  hori- 
zontal wales  is  constructed  in  order  to  keep  the  stones  of  the 
pitching  in  their  placea  As  to  the  pressure  against  the  longi- 
tudinal wales,  see  the  article  just  quoted. 

A  weir  of  solid  masonry  may  be  founded,  like  other  structures 
under  water,  on  the  natural  ground,  on  a  bed  of  concrete,  on  a 
timber  platform,  or  on  piles,  according  to  circumstances.  (See  Part 
IL,  Chapter  VI.,  Section  II.,  p.  601.)  When  it  has  a  timber 
foundation,  a  row  of  sheet-piles  at  the  base  of  the  up-stream  side 
will  in  geneml  be  necessary  to  prevent  the  passage  of  water  under 
it ;  and  in  the  grating  of  the  platform,  pieces  of  timber  runuing 
continuously  through  the  weir  in  the  direction  of  the  stream 
should  be  avoided,  lest  they  should  conduct  water  along  their 
sides.  The  masonry  should  be  built  in  cement,  or  in  quickly- 
setting  hydraulic  mortar;  the  heart  of  the  weir  may  be  of  coursed 
rubble,  or  of  concrete  laid  in  layers;  but  the  facing  should  be  of 
good  block-in-course,  or  of  hammer-dressed  ashlar,  and  the  crest 
should  form  a  coping  of  large  stones,  all  headers,  dowelled  to  each 
other. 

One  of  the  most  effectual  ways  of  preventing  filtration  round  thn 
''  roots  *'  of  a  weir  is  to  cany  them  a  considerable  distance  into  the 
bank;  but  in  the  case  of  a  weir  of  masoniy  the  ends  often  abut 
upon  a  pair  of  side- walls,  running  along  the  banks  of  the  stream, 
and  having  counterforts  behind  them  to  interrupt  filtration. 

IV.  Appendages  of  a   Weir — Sluices   and  Floodgates — Scdirumr 
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Hair. — ^Wben  a  weir  is  built  across  a  navigable  river,  it  requires  a 
lock  for  the  passage  of  vessels,  which  will  be  again  mentioued 
further  od.  It  maj  have  one  or  more  outlets  with  valves,  like 
those  of  a  reservoir  embankment  (Article  464,  p.  705),  accordlDg  to 
the  purpose  for  which  it  is  intended. 

It  is  almost  always  necessary  to  provide  a  weir  with  waste- 
sluices  or  floodgates,  to  be  opened  when  the  river  is  high,  in  order 
to  prevent  too  great  a  rise  of  backwater.  A  sluice  is  a  sliding 
valve  of  timber  or  iron,  moving  in  guides,  which  are  in  general 
vertical,  set  in  a  rectangular  passage  of  timber  or  masonry,  and 
opened  and  shut  by  means  of  a  screw,  or  of  a  rack  and  pinion.  It 
is  advisable  not  to  make  any  sluice  wider  than  about  4  or  5  feet. 
Should  a  greater  width  of  opening  be  required,  the  passage  through 
the  weir  is  to  be  divided  by  walls  or  piers  into  a  sufficient  number 
of  parallel  passages,  each  furnished  with  a  sluice.  As  to  the  dis- 
charge through  a  sluice,  see  Articles  448,  449,  p.  6S1. 

Anotlier  mode  of  opening  and  closing  floodgates  in  a  weir  is  by 
means  of  needles,  as  they  are  called.  A  rectangular  channel 
thi*ough  the  weir  is  crossed  at  the  bottom  by  a  fixed  timber  sill, 
and  near  the  top  by  a  moveable  timber  sill,  resting  in  two  notches. 
The  strength  of  the  sills  is  a  matter  of  calculation :  they  have  to 
withstand  the  pressure  of  the  water  on  a  fiat  surface  closing  the 
passage.  That  surface  is  made  up  of  the  '^  needles,"  which  are  a 
set  of  square  bars  of  wood  strong  enough  to  withstand  the  pressure, 
which  are  ranged  close  together  side  by  side  in  a  vertical  position 
at  the  up-stream  side  of  the  sills.  Each  needle  has  a  cylindrical 
handle  at  its  upper  end,  to  hold  it  by  in  removing  and  replacing  it 

As  to  self-acting  waste^lutces,  see  A  Manual  of  the  Steam  Engine 
and  other  Prime  Movers,  Article  139,  p.  153. 

A  weir  across  a  river  frequented  by  salmon  requires  a  passage  or 
channel  to  enable  those  fish  to  ascend  its  front  slope.  Mr.  Smith 
of  Deanston  introduced  the  practice  of  making  that  channel  of  a 
zig-zag  form,  so  as  to  reduce  its  rate  of  declivity  and  bring  the 
speed  of  the  current  in  it  within  moderate  limits. 

A  moveable  toeir  consists  in  general  of  a  water-tight  planked 
timber  gate,  placed  in  a  rectangular  passage  of  masonry  or  timber, 
and  capable  of  turning  upon  a  horizontal  hinge  at  the  floor  of  the 
]mssage,  so  as  to  be  either  laid  flat  when  the  channel  is  to  be  left 
clear,  or  set  at  any  required  angle  of  elevation,  sloping  against  the 
declivity  of  the  stream,  with  oblique  struts  to  prop  it  at  the  down- 
stream side.  In  one  ingenious  modification  of  this  weir  the  duty 
of  the  struts  is  performed  by  a  second  and  smaller  gate,  also  turning 
on  a  horizontal  hinge  at  the  floor  of  the  passage,  but  so  as  to  slope 
with  the  stream.  When  the  passage  is  clear,  both  gates  lie  fiat  in 
a  horizontal  recess  in  the  floor  of  the  passage,  the  smaller  gate 
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tindennost  and  the  upper  surface  of  the  larger  gate  flush  with  the 
floor.  When  the  weir  is  to  be  raised,  water  is  admitted  through  a 
TalTe  and  culvert  from  the  up-stream  side  of  the  weir  passage  into 
the  recess  below  the  gates;  its  pressure  lifls  them  both  until  they 
form  a  weir  of  a  triangular  section,  the  larger  gate  making  the  up- 
stream slope  and  the  overfall,  and  the  smaUer  making  the  down- 
stream slope,  and  acting  at  the  same  time  as  a  strut  to  prop  the 
larger  gate.  When  the  weir  is  to  be  lowered,  the  mass  of  water 
contained  below  the  gates  is  allowed  to  escape  by  opening  a  valve 
in  a  culvert  which  leads  to  the  down-stream  side  of  the  weir;  and 
both  gates  then  fall  flat  into  the  recess  of  the  floor.* 

473.  Hirer  HrldfMk — ^The  construction  of  the  foundations  on 
land  and  in  water,  and  of  the  superstructures,  of  bridges  of  various 
materials  having  been  explained  in  Part  II.  of  this  work,  and  their 
adaptation  to  roads  and  railways  in  the  preceding  chapter,  it  is 
now  only  necessary  to  state  those  principles  which  are  specially  ap- 
plicable to  bridges  over  rivera 

In  choosing  the  site  of  a  bridge  which  is  to  have  piers  in  the 
river,  sharply  curved  parts  of  the  channel  should  be  avoided,  lest 
the  increased  rapidity  of  the  current  caused  by  the  narrowing  of 
the  water-way  should  undermine  the  concave  bank. 

The  current  should  be  crossed  at  right  angles,  or  as  nearly  so  as 
practicable.     The  abutments  should  not  contract  the  water-way. 

The  piers,  if  any,  should  stand  with  their  length  exactly  in  the 
direction  of  the  cmrent ;  they  should  have  pointed  or  cylindrical 
cutwaters  at  both  ends,  to  diminish  the  obstruction  to  the  cun-ent 
which  they  produce ;  and  they  should  be  no  thicker  than  is  neces- 
sary for  the  safety  of  the  bridge.  (As  to  stone  piers  in  particular, 
see  Article  293,  p.  428.) 

The  springing  of  the  arches  should  be  above  the  highest  ordinary 
water-level,  and  as  much  higher  as  the  convenience  of  the  navi- 
gation may  require;  and  care  should  be  taken  that  sufficient  water- 
way is  provided  for  the  greatest  flood&  The  crown  of  the  lowest 
arches  should  be  at  least  three  feet  above  the  flood-level,  that  they 
may  allow  floating  bodies  to  pass  through. 

It  may  here  be  observed  that  the  figure  of  arch  which  gives  the. 
greatest  water-way  for  a  given  rise  and  span  is  the  "  hydrostatic 
ai-cL"    (See  Article  283,  p.  419.) 

*  In  order  to  do  away  as  far  as  possible  with  the  obstmction  occasioned  by  weir.% 
it  has  been  proposed  by  Hngh  Maclcenzie,  Esq.  of  Ardross,  tbat  in  those  cases  in  which 
the  fall  of  the  stream  is  sufficiently  rapid,  and  the  country  in  other  respects  suitable,  the 
diversion  of  water  from  a  stream  for  the  purpose  of  obtaining  power  should  be  efiected 
by  malcing  a  tunnel  with  suitably  formed  grated  apertures  in  its  roof,  under  the  bed 
of  the  stieam,  at  a  point  where  its  water-level  has  sufficient  elevation,  and  so  conduct- 
ing the  water  into  a  mill-lead  of  sufficiently  large  size  and  moderate  declivity. 
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Should  it  appear,  upon  an  examination  of  the  land  subject  to  in- 
undation at  and  near  the  site  of  the  intended  bridge,  that  siich 
land  acts  not  merely  as  a  reservoir  for  flood-waters,  but  as  a  wide 
temporary  channel  for  their  discharge,  that  land  shoidd  be  crossed 
by  a  viaduct,  and  not  by  embanked  approaches. 

In  designing  a  bridge  for  carrying  an  ordinary  road  over  a  river, 
it  is  usual,  in  order  to  obtain  the  greatest  headroom  possible  con- 
sistent with  economy  in  forming  the  approaches,  to  giv^  the  road- 
way an  ascent  fi-om  the  ends  of  the  approaches  to  the  middle  of  the 
bridge,  at  a  rate  not  exceeding  the  ruling  gradient  of  the  road ;  and 
to  suit  the  arches,  when  there  are  more  than  one,  to  the  form  of 
the  roadway,  the  centre  arch  is  made  the  largest,  and  the  others 
gradually  diminish  in  size  towards  the  ends  of  the  bridge.  They 
should,  at  the  same  time,  be  so  proportioned  as  to  exert  as  nearly  as 
possible  equal  horizontal  thrust 

Swing  bridges  for  navigable  rivers  will  be  again  mentioned 
further  on. 

Ice-breakers  are  required  for  the  protection  of  the  piers  of  bridges 
across  rivers  which  bring  down  large  masses  of  ice. 

A  stone  ice-breaker  usually  forms  part  of  the  up-stream  cut- 
water of  the  pier  to  which  it  belongs,  presenting  to  the  current  a 
ridge  sloping  at  about  45°,  up  which  the  flat  sheets  of  ioe  slide, 
and  break  asunder  by  their  own  weight  Examples  of  such  ice- 
breakers are  shown  in  the  view  of  the  Victoria  Bridge,  fig.  249, 
p.  533. 

A  timber  ioe-hreaker  stands  usually  separate  from  the  pier  wbieb 
it  protects,  at  a  short  distance  up-stream.  The  sloping  ridge  is 
foiTued  by  a  beam  of  12  or  14  inches  square,  covered  with  sheet 
iron.  Its  base  consists  of  piles,  ranged  in  the  form  of  a  long  sharp 
triangle  with  the  point  up-stream,  connected  with  the  ridge  by  a 
strong  framework  of  uprights  and  diagonals,  which  are  protected 
against  the  ice  by  projecting  horizontal  walea 

(On  the  subject  of  river  bridges,  see  Telford's  and  Smeaton's 
Reports^  and  the  work  On  Bridges  by  Mr.  Hosking  and  others). 

474.  AvtUrtel  Watev-Cha««ei» — C«B«inii** — In  laying  out  and 
designing  artificial  water-channels  it  is  advisable,  if  possible,  so  to 
fix  the  declivity  with  reference  to  the  length,  that  the  velocity 
shall  not  be  less  than  about  one  foot  per  second  (lest  the  conduit 
silt  up),  nor  greater  than  about  four  feet  per  second  (lest  the 
current  should  sweep  stones  along,  and  injure  the  bed). 

As  to  the  larger-sized  artificial  water-channels,  and  as  to  th«^ 
of  all  sizes  which  are  merely  to  be  used  as  open  drains,  when  they 
are  wholly  in  cutting,  it  is  unnecessaiy  to  add  an3rthing  to  what 
has  already  been  stated  respecting  river-channels,  and  especially 
respecting  their  diversions^  Article  471^  p.  713.     Artificial  eartiien 
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channels  in   embankment  will  be  considered  under  the  head  of 
canals. 

When  a  channel  is  to  convey  water  for  the  supply  of  a  town,  it 
is  usual,  with  a  view  to  the  clearness  and  purity  of  the  water,  as 
well  as  to  the  preservation  of  the  channel,  to  Une  it  throughout 
with  brick  or  stone  built  in  cement ;  and  in  most  cases  it  is  neces- 
sary to  cover  it  also,  especially  if  it  traverses  districts  where  the  air 
is  smoky  and  otherwise  impure.  When  brick  or  porous  stone  is 
used,  the  water-way  may  be  lined  throughout  with  a  coating  of 
cement,  calcareous  or  asphaltic. 

The  water-way  of  a  stone  or  brink  conduit  should  be  made  of  one 
of  those  forms  which  give  the  greatest  hydraulic  mean  depth  for  a 
figure  of  given  class  and  a  given  area ;  that  is  to  say,  the  semi- 
circle,  the  half-squai*e,  or  the  half-hexagon,  already  i-eferred  to 
in  Article  451,  p.  688.  To  preserve  a  constant  definite  flow 
it  may  have  a  series  of  waste-weirs  along  its  sides,  placed 
in  positions  where  there  are  convenient  channels  at  hand  for 
discharging  the  waste  water.  Should  it  be  necessary  to  carry  it 
along  an  embankment,  that  embankment  should  be  formed  in  thin 
layers,  each  well  rammed,  and  should  if  possible  contain  a  large 
mixture  of  stones  with  the  earth ;  the  breadth  at  the  top  should  be 
from  4  to  6  feet  at  each  side  of  the  conduit,  so  that  the  total 
breadth  at  the  brink  of  the  conduit  will  be  ss  breadth  of  water- 
way +  from  8  to  12  feet,  and  the  masonry  of  the  conduit  should 
be  imbedded  in  puddle  or  in  hydraulic  concrete. 

The  best  form  for  a  covered  conduit  to  convey  a  constant  flow,  as 
for  the  supply  of  a  town,  is  cylindrical.  To  guard  it  against  frost  it 
should  be  completely  covered  with  earth  to  the  depth,  in  Britain,  of 
about  3  feet,  the  bank  being  faced  with  sod&  When  it  forms  a 
tunnel,  or  is  placed  in  deep  cutting  and  covered  with  eai'th, 
its  strength  is  regulated  by  the  principles  of  Article  297  a, 
p.  433. 

One  of  the  largest  cylindrical  conduits  yet  executed  is  that  of 
the  Loch  Katrine  Water- Works,  8  feet  in  diameter. 

A  covered  conduit  should  be  provided,  like  a  tunnel,  with 
grated  ventilating  shafts,  which  will  also  serve  to  admit  men 
for  the  purpose  of  repairing  it. 

When  the  flow  varies  very  much,  as  in  sewers,  an  egg-shaped 
section  with  the  small  end  down  is  preferred. 

A  recent  invention  in  conduits  is  that  of  Mr.  Richardson,  in 
^hich  a  cylinder  of  sheet  iron  is  lined  with  brickwork  in  cement. 
It  is  suitable  for  making  large  conduits  possessing  great  strength 
ftud  stability  with  a  moderate  quantity  of  materials. 

47d.  JaMcti«Ma  of  Wat«r-chMuel«. — In  all  cases  in  which  a  pair 
of  water-channels  join  together  into  one,  their  centre  lines,  if 
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possible,  should  be  s  pair  of  curves,  or  a  ctirve  and  a  straight  line 
touching  each  other  at  the  junction ;  or  should  an  angle  at  the 
junction  be  unavoidable,  that  angle  ought  to  be  as  acute  as 
possible.  This  princi{)le  applies  also  to  the  divergence  of  a  branch 
from  a  main  channel,  and  to  pipes  as  well  as  to  free  channels. 

476.  A^Mcdlnet  Bridges  differ  from  viaducts  only  in  supporting  a 
water-conduit  instead  of  a  road  or  a  railway,  and  the  mechanicml 
principles  of  their  construction  involve  nothing  that  has  not  been 
already  explained  in  the  Second  Part  of  this  treatise. 

The  water  conduit  or  ti*ough  is  usually  of  the  same  material  with 
the  rest  of  the  structure.  For  example,  in  a  stone  aqueduct  the 
conduit  is  of  masonry,  imbedded  in  a  mass  either  of  puddle  or 
of  concrete,  resting  on  the  arch  and  contained  between  the  external 
spandril  walls. 

In  some  recent  examples  of  wrought  iron  aqueducts  introduced  by 
Mr.  Simpson,  the  water-channel  has  been  made  self-supporting  by 
constructing  it  sa  a  plate  iron  tubular  girder  of  oval  section.  In 
this  case  the  interior  of  the  tube  should  be  smooth,  that  it  may  offer 
no  impediment  to  the  current  All  T-iron  stiffening-rib^  &c., 
should  project  outside  only. 

Pipe-aqueducts  will  be  mentioned  further  on. 

477  Wat«»-Pip«w — The  diameters  of  water-pipes  are  fixed  with 
reference  to  the  vertical  declivity  and  the  intended  greatest  dia- 
chaige,  according  to  the  rules  explained  in  Article  450,  p.  684. 
The  materials  principally  used  in  making  pi}>es  for  the  conveyance 
of  large  quantities  of  water  are  earthenware  and  iron. 

I.  Earthenware  Pipes  are  of  various  qualities  as  to  texture,  from 
a  porous  material  like  that  of  red  bricks,  to  a  hard  and  compact 
material,  which  is  glazed  to  make  it  water-tight  They  are  made 
of  various  diameters,  from  2  inches  to  nearly  3  feet,  and  in  lengths 
of  from  1  foot  to  3  feet  The  harder  kinds  have  considerable  tenacity, 
and  are  capable  of  bearing  the  dead  pressure  of  a  high  column  of 
water;  but  they  are  so  easily  broken  by  sharp  blows  and  sudden 
shocks  that  it  is  not  advisable  to  expose  them  to  high  pressures  in 
situations  where  their  bursting  might  cause  damage  or  incon- 
venience. Hence  their  chief  use  is  as  s^tnall  covered  conduits  for 
pui^poses  of  drainage.  Their  joints  are  most  commonly  of  the 
spigot  and  faucet  form,  being  made  tight,  if  necessary,  with  cement, 
or  with  a  bituminous  mastic.  (Article  234,  p.  376.)  Another  form, 
very  useful  to  facilitate  laying  and  lifting  is  the  ihinihle-joinL  The 
lengths  of  pipe  are  plain  hollow  cylinders,  and  the  thimble  is  a 
ring  embracing  and  loosely  fitting  the  adjoiuing  ends  of  a  pair  of 
lengths.  Sometimes  the  thimble  is  in  two  semicircular  halves; 
and  sometimes  each  pipe  has  on  one  end  a  half-faucet^  which  is  laid 
downwards;  the  end  of  the  adjoining  pipe  rests  in  the  half-fauoet. 
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and  the  joint  is  completed  bj  a  Lalf-tliimble  above.  Curved  and 
acute-angled  junction-pieces  are  made:  so  also  are  right-angled 
junction-pieces;  but  these  last  should  never  be  used. 

IL  Ccut  Iron  Pipes  should  be  made  of  a  soft  and  tough  quality  of 
cast  iron.  (See  Article  353,  p.  499.)  Great  attention  should  be  paid 
to  moulding  them  correctly,  so  that  the  thickness  may  be  exactly 
uniform  all  round.  Each  pipe  should  be  tested  for  air-bubbles  and 
flaws  by  ringing  it  with  a  hammer,  and  for  strength  by  exposing  it 
to  doable  the  intended  greatest  working  pressure. 

Cast  iron  water-pipes  are  made  of  various  diameters  or  bores, 
from  2  inches  to  4  feet. 

They  are  usually  moulded  and  cast  horizontally,  the  sand  core 
being  supported  by  a  strong  horizontal  bar  with  projecting  teeth ; 
but  advantages  in  point  of  accuracy  and  soundness  are  possessed  by 
the  process  of  casting  them  vertically,  the  faucet  being  turned 
downwards,  and  the  plain  end  upwaixls.*  The  pipe  is  cast  with  an 
additional  length  at  the  upper  end,  which  acts  as  a  hecuL  (Article 
354,  p  503),  compressing  the  mass  below^  and  receiving  the  air- 
bubbles;  this  head  is  afterwards  cut  oC 

The  rule  for  computing  the  thickness  of  a  pipe  to  resist  a  given 
working  pressure  (the  factor  of  safety  being  «tx)  has  already  been 
given  in  Article  150,  equation  2,  p.  228,  the  pressure  and  the 
tenacity  of  the  iron  being  expressed  in  lbs.  per  square  inch ;  but  as 
it  is  more  convenient  to  express  those  quantities  m/eet  ofwaJUr^  the 
following  rule  is  given : — 

thickness  __  greatest  working  pressure  in  feet  of  water     ..  . 
diameter""  r2;006  '    ^'' 

There  are  limitations,  however,  aiising  from  difficulties  in  cast- 
ing, and  from  the  fact  that  the  most  severe  strain  on  a  pipe  is  often 
produced  by  shocks  from  without,  which  cause  the  thickness  of  cast 
iron  pipes  to  be  often  made  considerably  greater  than  that  given 
by  the  above  rule.  The  following  empirical  rule  expresses  very 
accurately  the  lim\l  to  the  thinness  of  cast  iron  pipes,  in  ordinary 
practice: — 

The  thickness  of  a  cast  iron  pipe  is  never  to  he  less  than  a  mean 
proportional  between  its  internal  diameter  and  onefort^-eigkth  of  an 
t7ic4. 

It  is  very  seldom,  indeed,  that  a  less  thickness  than  3-8ths  of  an 
inch  is  used  for  any  pipe,  how  small  soever. 

Cast  iron  pipes  are  made  of  various  lengths;  but  the  most 
common  length  is  9  feet,  exclusive  of  the  &ucet  or  socket  on 

*  Introduced  by  Mr.  D.  T.  Stewart 
3jl 
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one  end  of  each  length,  for  receiving  the  phdn  end  of  the  next 
leugth.  The  faucet  adds  from  one-twentieth  to  one-tenth  to  the 
weight  of  the  pipe.  The  joints  are  sometimes  run  up  with  melted 
lead;  sometimes  turned  so  that  the  plain  end  and  the  faucet  fit  exactly, 
and  made  water-tight  with  red  lead  paint  The  latter  is  the  easier 
and  quicker  process ;  but  the  former  admits  of  a  certain  amount  of 
yielding  to  expansion  and  contraction,  and  to  the  unequal  settle- 
ment of  the  ground,  which  is  an  advantage  in  point  of  safety. 

III.  The  best  preservative  for  cast  iron  pipes  against  corrosion  is 
a  coatiug  of  pitch,  applied  both  inside  and  out^  by  a  process  which 
makes  it  peuetrate  the  pores  of  the  iron  to  a  certain  extent,  and 
adhere  very  firmly.  This  coating  appears  to  diminish  sensibly  the 
friction  of  the  water. 

IV.  In  estimating  the  greatest  working  pressure  which  a  water- 
pipe  should  be  capable  of  resisting,  the  hydrostatic  pressure  due  to 
the  whole  depth  below  top-water  of  the  reservoir  whence  the 
supply  enters  the  pipe,  and  not  the  mere  hydratdic  pressure  when 
the  water  is  in  motion  (Article  446,  p.  675),  should  be  taken  into 
account,  in  order  to  provide  for  the  contingency  of  the  flow  of  the 
water  being  checked  by  an  obstruction  in  the  pipe. 

V.  The  loss  oj  head  during  the  most  rapid  discharge  should  be 
computed  for  a  series  of  points  in  the  course  of  an  intended  pipe  by 
the  principles  explained  in  the  First  Section  of  this  chapter,  so  as  to 
deteiTnine  the  line  of  virtual  dediviJLy,  which  wiU  commence  at  a 
point  vertically  above  the  mouthpiece  of  the  pipe,  and  at  a  depth 
below  the  top-water  of  the  reservoir  equal  to  the  loss  of  head  due 
to  the  velocity  of  flow  in  the  pipe  and  the  friction  of  the  mouUi- 
piece.  The  object  of  determining  that  line  is  to  insure  that  in 
laying  out  the  levels  of  the  pipe  no  part  of  it  shall  he  made  to  rise 
above  the  line  o/ virtual  declivity.  The  reason  for  this  rule  is,  that 
at  all  points  in  a  pipe  which  are  above  that  line,  the  pressure,  when 
the  water  is  flowing,  becomes  less  than  that  of  the  atmosphere  (a 
fact  commonly  described  by  saying  that  there  is  a  '^ partial  vacuum,'* 
see  Article  443,  p.  673);  in  consequence  of  which  tie  air,  which  ail 
water  contains  in  a  difiused  state,  escapes  from  the  water  in 
bubbles,  and  eventually  accumulates  in  the  highest  part  of  the  pipe 
so  as  to  obstruct  the  flow  of  the  water. 

A  pipe  thus  rising  above  the  line  of  virtual  declivity  is  called  a 
siphon,  and  is  incapable  of  continuously  conveying  water  unless  the 
air  be  from  time  to  time  exhausted  from  the  summit  of  the  pipe. 

Air  collects  to  a  certain  extent  at  the  summits  of  an  undulating 
pipe  even  when  they  are  below  the  line  of  virtual  declivity ;  but  as 
it  exeits  a  pressure  greater  than  that  of  the  atmosphere,  it  is  easily 
expelled.  A  small  cylindrical  receiver,  called  an  air-lock,  is 
placed  above  the  pipe  at  each  such  summit^  to  collect  the  air. 
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wbich  is  from  time  to  time  discharged  through  a  valve.  That  valve 
may  either  be  opened  by  hand  occasionally,  or  it  may  be  loaded 
with  a  weight  equivalent  to  the  hydraulic  pressure,  and  made  self- 
acting. 

YI.  At  the  lowest  points  in  an  undulating  line  of  water-pipe 
sediment  collects,  and  is  to  be  discharged  from  time  to  time  through 
a  cleansing  or  scouring  cock  or  valve. 

YII.  As  to  slide-^vcdves,  double-beat-valves,  and  other  valves  and 
cocks  used  in  connection  with  water-pipes,  see  A  Mamud  0/ Prime 
Movers,  Article  116,  p.  120,  and  Articles  119  to  123,  pp.  123  to 
126. 

VIIL  Slieet  Iron  Water-Pipes  lined  with  pitch  have  lately  been 
used  in  France. 

478.  Pipe-TnMk— Piye-A^ocdiacts. — Care  should  be  taken  to  bed 
watei^pipes  on  a  firm  foundation,  and  to  cover  them  to  a  sufficient 
depth  to  prevent  the  action  of  frost ;  that  is,  in  Britain,  about  2  or 
3  feet. 

When  a  water-pipe  crosses  a  valley,  or  a  river-channel,  or  a  line 
of  communication,  it  may  sometimes  be  advisable  to  carry  it  above 
ground  by  means  of  an  aqueduct  This  may  be  a  bridge  of  any 
convenient  construction,  or  it  may  consist  simply  of  the  pipe  itself 
lying  on  a  series  of  pierB,  and  cased  or  lined  with  wood,  or  other 
non-conducting  material,  for  protection  against  heat  and  cold.  For  a 
pipe-aqueduct  of  wide  span,  the  pipe  itself  may  be  made  to  form  a 
catenarian  arch.* 

The  total  thrust  at  the  springing  of  the  arch  under  an  uniform 
load  is  to  be  computed  in  the  usual  way,  being, 

load  per  foot  of  span  X  radius  of  curvature  at  crown  in  feet  X 
secant  of  inclination  at  springing; 

£rom  which  has  to  be  deducted  the  thrust  borne  by  the  water,  viz., 

pressure  of  water  X  sectional  area  of  pipe; 

and  the  remainder  only  of  the  thrust  has  to  be  borne  by  the  iron  of 
the  pipe.     In  fact,  the  arch  o/vxUer  bears  a  part  of  the  load. 

If  the  arched  pipes  be  made  to  carry  a  roadway,  the  whole  of  the 
stress  produced  by  a  partial  or  travelling  load  will  fall  on  them ; 
and  their  strength  is  to  be  computed  by  the  formulae  of  Article 
180,  Problems  IV.  and  V.,  pp.  303  to  308,  as  explained  in  treating 
of  cast  iron  arched  ribs.  Article  374,  Case  I.,  p.  539. 

The  ivooden  lining  referred  to  as  a  protection  against   frost 

*  Of  thb  there  is  an  example  on  the  Washington  Water- Works,  designed  by 
Colonel  Meigs  of  the  United  States'  Engineers.  The  arch  is  of  200  feet  span, 
and  consists  of  two  parallel  cast  iron  pipes  of  4  feet  diameter,  lined  with  wooden 
staves. 
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oonsistB  of  oaken  staves  about  3  inches  thick,  packed  in  a  cylindrical 
form  round  the  interior  of  each  pipe.  It  is  likely  to  prove  mon^ 
lasting  than  an  outside  casings  because  it  is  constantly  vet^  instead 
of  boing  alternately  wet  and  dry. 


Section  V. — Of  Systems  of  Drainage, 


479.  Oc««nl  Pvlacliilfls  mm  f  MmmA  JtoslMice* — The  engineer  who 
examines  a  district  with  a  view  to  the  improvement  of  its  drainage 
requires  the  information  respecting  the  features,  extent,  and  levels 
of  the  district,  its  rain-fall,  and  the  course,  dimensions,  level^  and 
discharge  of  its  streams,  which  have  already  been  specified  in 
Articles  456,  457,  and  4o8,  pp.  693  to  699,  and  in  Article  467,  p. 
707.  In  some  cases  it  is  necessary  to  attend  to  the  question, 
whether  the  water  to  be  carried  off  by  the  S3rstem  of  drainage  comes 
merely  from  the  apparent  gathering-ground  bounded  by  the  ridges 
that  surround  the  district,  or  whether  some  of  it  is  brought  to  the 
district  through  porous  strata,  which  have  their  gathering-ground 
wholly  or  pai-tly  beyond  such  ridges. 

Tn  order  that  a  district  may  be  in  a  perfect  state  as  to  drainage, 
the  water-level  in  the  branch  drains,  which  directly  receive  the 
discharge  of  the  field  drains,  should  be  at  least  about  3  feet  below 
the  level  of  the  ground  at  all  times.  When  it  rises  above  that 
level  the  ground  becomes  auxish  or  Jloodedy  according  as  the  water- 
level  is  below  or  above  its  surface. 

Each  water-channel  must  have  sufficient  area  and  declivity,  when 
at  its  fullest  flow,  to  dischai^  all  the  water  that  it  receives  as  &st 
as  such  water  flows  in,  without  its  water-level  rising  so  high  as  to 
obstruct  the  flow  of  the  branches  it  receives,  or  to  lay  land  awash. 

Should  it  be  impossible  absolutely  to  fulfil  these  conditions, 
means  are  to  be  taken  to  make  the  deviation  from  them  as  small  in 
extent  and  as  short  in  duration  as  possible. 

480.  Qaestioas  as  t*  itpf  vcMCMt  of  Draittave. — Should  the  drain- 
age of  a  district  be  found  defective,  the  engineer  will  in  geneml 
have  to  consider  questions  of  the  following  kind,  as  to  the  causes  of 
such  defective  condition,  and  the  means  of  improving  it : — 

I.  Whether,  and  to  what  extent,  it  is  practicable  to  diminish 
or  prevent  floods  by  the  construction  of  store  reservoirs. 

II.  Whether  the  channels  of  the  streams  contain  remcvaile 
obstntctums  such  as  shelves  of  rock  or  other  shallows,  narrow  places, 
islands,  ill-designed  weirs  and  bridges,  kc,  and  how'  such  obstruc- 
tions are  to  be  removed.  This  may  involve  questions  as  to  rebuild* 
ing  weirs  and  bridges  according  to  improved  designs. 

III.  Whether  the  channels  are   defective    and  liable    to   be 
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obstructed  through  the  instability  of  their  beds,  and  how  such 
instability  ifl  to  be  prevented. 

lY.  In  the  case  of  a  smaller  stream  having  too  litUe  declivity, 
which  fidls  into  a  larger  stream,  whether  that  declivity  can  be 
iocreaaed  by  diverting  the  course  of  the  smaller  stream  so  as  to 
remove  its  outfall  to  a  lower  part  of  the  larger  stream. 

V.  Whether  the  course  of  a  stream,  being  too  circuitous,  can  be 
improved  by  a  diversion;  and  whether,  in  the  event  of  improve- 
ments being  required  in  the  channel  of  a  stream,  it  is  best  to 
execute  them  in  the  existing  channel,  or  to  make  a  new  channel, 
independently  of  the  question  of  circuitousness. 

All  the  preceding  questions  relate  to  matters  which  have  already 
been  treated  of  in  Sections  III.  and  lY.  of  this  chapter,  but  the 
following  involve  subjects  which  will  be  treated  of  in  the  ensuing 
articles : — 

YI.  Whether  the  branch  drains  are  of  sufficient  discharging 
capacity. 

YII.  To  what  extent  the  water-channels  are  capable  of  acting 
as  temporaiy  reservoirs  for  moderating  the  rapidity  with  which 
flood-waters  descend  from  them  into  lower  and  larger  channels. 

YIIL  To  what  extent  the  lands  adjoining  a  river  which  are 
liable  to  inundation  act  in  the  capacity  of  a  reservoir,  and  what 
will  be  the  effect  upon  the  part  of  the  river  below  them  of  prevent- 
ing or  diminishing  such  action. 

IX.  Whether  the  drainage  can  be  sufficiently  improved  by  im- 
provements on  the  water-channels  alone,  or  whether,  on  the  other 
hand,  it  is  advisable  to  use  embankments  for  the  confinement  of 
floods  within  certain  limits. 

481.  l^lsehargia^  Capacity  of  Braaeli  IHwIaa. — ^If  the  rain-fall 
found  its  way  at  once  from  the  surface  of  the  ground  to  the  drains, 
each  of  these  would  require  to  have  dimensions  and  declivity  suffi- 
cient to  discharge  the  most  rapid  fall  of  rain  known  to  take  place 
for  any  time  how  short  soever.  The  following  data  as  to  the  most 
rapid  rain-fidl  in  Britain  are  given  on  the  authority  of  Mr.  Phillips; 
they  illustrate  how  the  gi-eatest  rate  of  rain-fall  diminishes  accord- 
ing as  the  period  for  which  it  is  reckoned  is  increased : — 

Total  depth  of  Kate  of 

Period.  Rahi-fAa  Kaln-falL 

InchoB.  Inches  per  Ilour. 

One  hour,  i       i*o 

Four  hours,  2       0-5 

Twenty-four  hours, 5       0*2  nearly. 

The  soil,  however,  acts  as  a  sort  of  reservoir  to  an  extent  depend- 
ing on  its  texture;  it  keeps  &om  the  drains  altogether  a  portion  of 
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the  rain-faU,  which  passes  off  by  eva]K)ration,  or  is  absorbed  hj 
plants,  as  stated  in  Article  456,  p.  692;  and  it  discbarges  the 
remainder  into  the  drains  more  or  less  gradually.  The  branch 
drains  in  country  drainage  should  be  made  capable  of  discharging 
at  an  uniform  rate  the  greatest  available  rain-fall  known  to  take 
place  in  a  period  whose  length  is  gi'eater  according  as  tlie  soil  is 
more  retentive.  It  is  probable  that  in  most  cases  of  cultivated  land 
ttoenty-four  hours  will  be  found  a  sufficiently  short  period :  that  is, 
each  drain  which  directly  receives  water  from  the  fields  should  be 
capable  of  discharging,  in  twenty-four  hours,  the  greatest  available 
rain-fall  of  twenty-four  hours;  for  steep  and  rocky  ground  the 
period  must  be  shortened,  in  sonie  cases,  it  is  probable,  to  four 
hours ;  but  the  best  method  in  each  case  is  to  ascertain  the  period  by 
an  experimental  comparison  of  the  rain-fall  with  the  discharge  of 
drains. 

482.  AcMoa  of  Chaaacte  Mid  Flooded  I^ads  u  Bcowroin.— The 

volume  of  the  space  contained  between  the  ordinary  water  sur&ce 
of  a  given  portion  of  a  stream  and  the  flood- water  surface,  whether 
such  space  be  wholly  contained  between  the  banks  of  that  portion 
of  the  stream,  or  partly  between  such  banks  and  partly  over 
adjoining  lands  liable  to  inundation,  constitutes  a  reservoir  for 
retaining  the  excess  of  the  total  supply  of  ioater  during  a  period  of 
fiood  rain-fall  from  the  district  arairied  by  tiiat  portion  of  the 
streamy  above  the  greatest  quantity  thaJt  the  stream  is  capabU  of  dis- 
charging in  the  same  period,  untU  the  flood  rain-fall  is  over,  when 
that  excess  flows  away  by  degrees.  The  existence  of  that  reservoir- 
i-oora  thus  renders  sufficient  a  water-channel  of  less  discharging 
capacity  than  would  otherwise  be  necessetry ;  and  if  such  reservoir- 
room  is  diminished,  either  by  improving  the  channel  so  as  to  lower 
the  flood -water  surface,  or  by  contracting  the  space  by  means  of 
embankments,  care  should  be  taken  that  the  discharging  capacity 
of  the  channel  below  the  district  in  question  is  increased  to  a  cor- 
responding extent,  otherwise  the  effect  of  diminishing  the  extent  of 
floods  in  that  district  may  be  to  increase  it  in  some  district  further 
down  the  river.  This  is  one  of  the  reasons  for  the  rule  alreadv 
stated  in  Article  470,  p.  712,  that  works  of  river  improvement 
should  proceed  from  below  upwards. 

483.  RiTer  fimiNiMkmeota. — ^When  the  land  adjoining  a  stream 
cannot  be  sufficiently  guarded  from  inundation  by  improvements  in 
the  channel,  embankments  may  be  erected.  In  determining  the 
course  and  site  of  such  embankments  regard  must  be  had  to  the 
principle  stated  in  the  last  article — of  leaving  sufficient  reservoir- 
room  between  them  for  flood-water.  In  some  cases  there  may  be 
sufficient  room  even  when  the  embankments  are  erected  close  to 
the  natural  banks  of  the  channel;  but  in  general  it  is  advisable  to 
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leave  a  wider  space;  and  when  the  river  follows  a  serpentine  coarse 
sufficient  reservoir-room  may  in  many  cases  be  provided  by  carrying 
the  embankments  along  the  general  course  of  the  valley,  so  as  to 
enclose  the  windings  of  the  stream  without  following  them,  and 
thus  to  form  not  only  a  reservoir,  but  a  wide  and  direct  channel  for 
the  dischaige  of  floods. 

The  tributary  streams  which  flow  into  the  main  streams  will  in 
general  require  branch  embankments.  Where  a  main  embank- 
ment extends  for  a  long  distance  iminterrupted  by  a  tributary 
stream,  the  land  protected  by  it  is  often  divided  into  portions  by 
means  of  branch  embankments,  called  **land  arms,^*  diverging  from 
the  main  embankment,  the  object  of  which  is,  that,  in  the  event 
of  a  breach  being  made  in  the  main  embankment,  the  inundation 
may  be  confined  to  a  limited  extent  of  ground  These  **  land  arms" 
generally  run  along  the  boundaries  of  separate  holdings. 

Behind  and  parallel  to  each  main  embankment  there  runs  a ''  bade 
drain,'^  the  material  dug  from  which,  if  suitable,  may  be  used  in 
making  the  embankment.  The  use  of  this  back  drain  is  to  act  not 
only  as  a  channel  for  the  drainage  of  the  land  protected  by  the 
embankment,  but  as  a  reservoir  to  collect  that  drainage  when  the 
river  is  in  a  state  of  flood,  and  its  dimensions  are  to  be  regulated 
accordingly.  The  waters  of  the  back  drain  are  discharged  into  the 
river  (when  its  surface  is  low  enough)  through  a  series  of  pipes  tra- 
versing the  embankment,  and  having  flap-valves  opening  outwards  to 
prevent  the  return  of  water  from  the  river.  These  valves  are  made 
sometimes  of  iron,  sometimes  of  wood;  one  of  the  most  efficient 
consists  of  an  iron  grating  or  perforated  plate,  covered  with  a  flap 
of  vulcanized  indian-rubber.  As  to  the  computation  of  the  time 
required  to  discharge  a  given  accumulation  of  water  from  the  back 
drain  through  a  given  outlet,  see  Article  ^55,  p.  691. 

The  embankment*!  ai'e  to  be  made  of  day  rammed  in  layers  one 
foot  deep,  or  thereabouts.  When  of  moderate  height,  and  not 
exposed  to  great  pressure,  they  may  have  slopes  of  1^  to  1  or  2  to 
1.  When  they  are  liable  to  be  acted  upon  by  a  strong  current  they 
should  be  pitched  with  stone,  or  otherwise  defended  like  river- 
banks  (Article  469,  p.  710) :  elsewhere  they  should  be  covered  with 
sods,  and  no  trees,  shrubs,  or  hedges  should  be  sufiered  to  grow 
upon  them. 

484.  Tidal  l^rmiMoge  is  the  drainage  of  lands  which  are  above  the 
low-water-mark  of  ordinary  tides,  and  either  below  high-water- 
mark, or  so  near  that  level  that  their  drainage  waters  can  only  be 
dischai^ed  in  certain  states  of  the  tide.  Such  lands  are  defended 
against  inundation  by  the  sea  by  means  of  embankments,  which  will 
be  treated  of  further  on. 

The  best  mode  of  draining  a  district  of  this  sort  is  by  means  of  a 
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canal  extending  completely  throngb  it,  which  act«  alteroatelj  as  a 
reservoir  and  as  a  channel  The  iop-water-level  of  the  canal  is  to  be 
fixed  80  as  to  give  sufficient  declivity  to  the  branch  drains.  Its  low- 
waier4evel  will  be  above  that  of  low-water  of  neap  tides  to  the 
extent  of  l-15th  part  of  the  rise  of  such  tidesi  The  space  con- 
tained in  the  canal  between  those  levels  is  the  reservoir-Taom ;  and 
inasmuch  as  the  length  and  depth  of  that  space  are  fixed,  the  breadth 
midway  between  those  levels  is  to  be  made  sufficient  to  give  reser- 
voir-room for  the  greatest  quantity  of  drainage  water  that  ever 
collects  during  one  tide.  The  depth  of  the  canal  must  be  made  at 
least  sufficient  to  enable  the  whole  of  that  quantity  of  water  to  be 
discharged  in  the  interval  between  1  hour  before  and  1  hour  after 
low-water,  the  mean  vdocUy  of  outflow  being  assumed  to  be  about 
equal  to  that  due  to  a  declivity  of  the  height  between  high  and 
low-water-levels  in  the  whole  length  of  the  canal,  and  to  its 
hydraulic  mean  depth  when  fiill  up  to  its  middle  water-leveL  The 
outer  end  of  the  canal  is  to  have  large  floodgates  capable  of 
throwing  its  whole  width  and  depth  open  at  once. 

For  an  example  of  drainage  on  these  principles,  see  the  AcooiuaU 
of  the  Great  Bedford  LewL 

485.  iHwiMiie  %f  Hhumpfmn  is  extensively  employed  in  lands 
below  high-water-mark,  especially  in  Holland.  In. former  times 
windmills  were  chiefly  used  for  this  purpose,  but  now  they  are  to  a 
great  extent  replaced  by  steam  engines.  The  most  economical 
mode  of  conducting  drainage  in  this  manner  is  to  provide  reservoir- 
room  for  the  greatest  floods,  and  pump  constantly  at  an  uniform 
rate.  To  provide  for  the  repair  of  engines,  and  for  acddental 
stoppages,  engines  are  to  be  kept  in  reserve,  of  power  equal  to 
from  one-half  to  the  whole  of  the  power  of  those  that  are  kept  at 
work. 

486.  TowB  DnlBagc. — ^Plans  for  systems  of  town  dndnage 
require  to  be  on  a  larger  scale,  and  to  h|ive  closer  contour-lines, 
than  those  of  any  other  description  of  work.  (See  Article  59,  pi 
96.)  The  disciiarge  to  be  provided  for  is  the  natural  drainage  of 
the  basin  which  the  town  occupies,  added  to  the  water  supply 
artificially  brought  into  the  town. 

Inasmuch  as  the  rain-fall  in  towns  finds  its  way  into  the  sewers 
almost  instantly,  their  dimensions  and  declivity  must  be  suited  to 
tlie  heaviest  rain -fall  in  a  short  period.  Authorities  difler  whether 
that  rain-fall  is  to  be  estimated  at  one  inck  or  at  Aa^/'-on-tfuA  in 
deptii  per  hour. 

The  treatment  and  disposal  of  the  drainage  of  towns,  after  it  has 
been  collected  by  means  of  a  system  of  sewers,  involves  chemical 
and  physiological  questions  into  which  it  is  impossible  to  enter  in 
this  treatise. 
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487.  ggww,  or  main  drains  of  towns,  are  underground  arched 
brick  conduits,  designed,  laid  out,  and  constructed  according  to  the 
principles  alreeuly  explained  or  referred  to  in  Articles  474,  475, 
pp.  718  to  720.  As  to  their  strength,  see  Article  297  A,  p.  433. 
The  cross-section  prefeired  for  them  in  Britain  is  an  oval,  with  the 
small  end  downwarda  In  order  that  men  may  be  able  to  enter 
them  for  purposes  of  cleansing  and  repair,  no  sewer  should  have  a 
le^  breadth  than  2  feet. 

The  velocity  of  the  current  should  be  not  less  than  1  foot  per 
second,  or  more  than  about  4}  feet  per  second. 

As  to  the  drainage  of  street  into  the  sewers,  see  Article  417,  p. 
626.  Owing  to  the  quantity  of  mud  that  is  swept  into  sewers, 
they  are  peculiarly  liable  to  be  obstructed  by  collections  of  sedi- 
ment :  these  are  swept  away  by  an  operation  called  flvshing  or 
fiatkingy  which  consists  in  placing  a  temporary  dam  of  timber 
above  the  spot  where  the  deposit  is,  so  as  to  collect  a  quantity  of 
water,  which  is  allowed  suddenly  to  escape  with  great  speed  in 
order  to  scour  away  the  deposit. 

As  the  pipes  leading  into  the  sewers  from  the  channels  of  the 
streets,  and  also  those  from  the  houses,  either  are  or  ought  to  be 
"  trapped"  by  means  of  valves  or  inverted  siphons,  so  as  to  prevent 
the  escape  of  foul  gas  from  the  sewers,  such  gas  must  have  openings 
provided  for  its  escape,  either  by  building  chimneys  for  the  purpose, 
or  by  connecting  the  sewer  with  existing  chimneya  Passages  for 
the  adnussion  of  fresh  air  to  the  sewers  are  also  required,  and  sub- 
terranean entrances  with  trap-doors  to  give  men  access  to  them. 
As  to  the  use  of  ''  side-trenches"  and  '^ subways,'*  see  Article  421, 
pp.  629,  630. 

488.  Ptpe-ltaBiM. — ^The  earthenware  pipes  used  for  drainage  have 
already  been  described  in  Article  477,  p.720.  In  town  drainage 
they  are  chiefly  used  for  the  branch  drains  leading  from  houses 
and  from  the  adjoining  ground  into  the  main  sewers;  and  they 
usually  range  from  4  inches  to  18  inches  in  diameter,  according  to 
the  quantity  which  they  are  to  discharge.  It  is  not  advisable  in 
any  case  to  use  drain-pipes  of  less  than  4  inches  in  diameter.  They 
should  all  be  laid,  as  far  as  })08sible,  at  such  declivities  as  to  insure 
a  velocity  of  flow  of  4^  feet  per  second,  in  order  that  the  formation 
of  deposit  may  be  impossible;  and  when  their  proper  levels  and 
declivities  have  been  determined  by  calculation,  great  care  should 
be  bestowed  on  seeing  that  they  are  accurately  laid  at  those  levels 
and  declivities :  the  smaller  the  diameter  of  the  pipe,  the  worse  is 
the  effect  of  any  inaccuracy  in  this  respect.  Obstructions  are 
most  likely  to  occur  at  the  junctions.  The  importance  of  making 
these  either  curved  or  acute-angled  has  already  been  mentioned ; 
but  even  at  curved  or  acute-angled  junctions  deposits  may  some- 
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times  take  place,  and  a  good  safeguard  against  this,  when  the 
levels  are  such  as  to  render  it  practicable,  is  to  make  the  junction 
in  a  vertical  or  transversely  inclined,  instead  of  a  nearlj  horizontal 
plane. 

The  inverted  siphon  air-trap,  for  preventing  the  entrance  of  foal 
gas  from  a  sewer  into  a  building  through  a  drain-pipe,  is  an 
ri-shaped  tube,  in  the  lower  part  of  the  bend  of  which  water 
lodges,  so  as  to  prevent  the  passage  of  gas.  To  insure  the  efficiency 
of  this  trap,  it  is  essential  Ihat  the  sewer  should  have  chimneys  for 
the  escape  of  gas;  otherwise  the  pressure  may  become  sufficient  to 
enable  tbe  gas  to  force  its  way  past  the  water  in  the  tube. 


Section  VL — Of  Systems  of  Waiter  Supply, 

489.  itvigaUtta. — It  appears  that  the  supply  of  water  required 
for  the  irrigation  of  a  district  ranges  from  *013  to  *008  of  a  cubic 
foot  of  water  per  second  for  each  acre  irrigated ;  and  this  is  the 
demand  to  be  provided  for  by  reservoirs,  or  by  the  use  of  weirs  to 
divert  water  from  rivers.  (Article  460,  p.  699;  Article  472, 
p.  713.)  The  channels  by  which  the  water  is  distributed  are  to 
be  carried  at  the  highest  levels  compatible  with  the  minimum 
Velocity  of  1  foot  per  second,  in  order  that  as  great  an  area  of  land 
as  possible  may  be  commanded  by  them.  Their  dimensions  and 
declivity  are  to  be  determined  by  the  principles  of  Article  451, 
p.  686,  and  they  are  to  be  constructed  according  to  the  principles 
of  Section  IV.  of  this  chapter,  especially  Article  474,  p.  718. 
When  they  run  between  earthen  embankments,  as  is  ofben  the 
case,  each  embankment  should  have  a  vertical  puddle  wall  in  its 
centre,  from  2  to  3  feet  thick,  and  the  tops  of  the  embankments 
should  not  be  less  than  4  feet  wide. 

The  method  of  delivering  specified  supplies  of  water  from  an 
irrigation  canal  to  holders^  of  land  is  the  following : — ^A  small  tank 
at  one  side  of  the  canal  is  supplied  through  a  sluice,  and  the  water 
in  it  is  kept  at  a  constant  level  by  regulating  the  opening  of  that 
sluice.  The  water  is  delivered  out  of  the  tank  through  a  square  or 
round  orifice  of  constant  size  under  a  constant  head.  Different 
quantities  of  water  are  delivered  by  varying  the  ntimber  of  the 
orifices,  and  not  their  dimensions  nor  the  head  which  causes  their 
discharge. 

490.  Wiuar  Bwpply  •f  Towm  —  EattaiKtiMt  •f  l»rMwd  ■■  t* 
Qnantitr. — ^The  supply  of  water  to  towns  ranges  in  extreme  caaes 
from  about  2  gallons  to  600  gallons  per  inhabitant  per  day.  (Gor- 
don On  Civil  Engineering,)  In  town  water-works  executed  with  a 
due  regard  to  sufficiency  of  supply  on  the  one  hand  and  economy  of 
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oo0t  on  the  otber,  and  witli  a  moderate  amount  of  waste,  the 
following  may  be  regarded  as  fair  estimates  of  the  real  daily 
demand  for  water  per  inhabitant  amongst  inhabitants  of  different 
habits  as  to  the  quantity  of  water  they  consume : — 

Gallons  per  Dty. 
Least.  Average.  Greatest 

TJsed  for  domestic  purposes, 7         10         15 

Washing  streets,  extinguishing  fii«s,  sup- ) 
plying  fountains,  <kc., j 


3  3  3 


Allowance  for  trade  purposes  and  for  waste,  7  7  7 

Total  demand  in  non-manufacturing  towns,  17  20  25 
Additional    demand    in   manufacturing ) 

Total  demand  in  manufacturing  towns, 27  30  35 


A  liberal  supply  of  water  has  a  tendency  to  increase  its  use,  and 
at  the  same  time  to  bring  the  daily  consumption  per  head  amongst 
different  classes  of  persons  more  nearly  to  an  equality ;  so  that,  with 
a  view  to  such  improvement  in  the  habits  of  the  population,  it  is 
adyisable  in  projecting  new  water-works  to  take  the  highest  of  the 
preceding  estimates  of  the  demand;  that  is  to  say,  from  25  to  35 
gallons  per  head  per  day,  according  as  the  town  requires  less  or 
more  water  for  use  in  manufactures. 

The  quantity  of  water  run  to  waste,  however,  frequently  exceeds 
enormously  that  allowed  for  in  the  preceding  estimate,  through  ill- 
constructed  fittings  and  carelessness.  It  has  been  proved,  for 
example,  that  in  some  parts  of  London,  where  only  7  gallons 
of  water  per  head  per  day  were  actually  used,  18  gallons  ran 
to  waste.  The  most  effectual  means  of  preventing  such  waste  are, 
the  establishment  of  a  regulation  or  enactment,  that  domestic 
water^fittings  shall  be  executed  to  the  satis&ction  of  the  engineer 
or  manager  of  the  water- works;  the  carrying  out,  as  far  as  practi- 
cable, of  the  system  of  selling  water  by  measm*e  to  those  who  require 
it  for  other  than  ordinary  domestic  purposes  (as  to  water  meters, 
see  Article  459,  p.  699);  and  the  prevention  of  excessive  pressure 
in  the  service-pipes  from  which  houses  are  directly  supplied. 

The  preceding  statements  have  reference  to  the  daily  demand. 
Kegard  must  also  be  had  to  the  hourly  demand,  which  fluctuates 
very  much  at  different  times  of  the  day,  chiefly  because  the  in- 
habitants draw  nearly  the  whole  of  their  supply  for  domestic 
purposes  during  a  limited  number  of  hours.  It  is  estimated  that 
the  most  rapid  draught  for  domestic  purposes  is  at  such  a  rate  that^ 
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if  kept  xip  continuous! J,  it  would  exhaust  the  whole  daily  supply  for 
these  purposes  in  8  hours;  that  is  to  say,  the  maximum  hourly 
demand  for  domestic  purposes  is  three  times  the  average  hourly 
demand. 

The  effect  of  this  on  the  greatest  hourly  demand  /or  aUpurpo9s$ 
is  to  make  it  in  different  cases  range  from  1*8  to  2 '2  times  the 
average  hourly  demand. 

491.  EstlmattoM  of  DeniKBd  nm  %m  HcAd. — ^It  is  considered  that 
the  head  of  pressure  in  each  of  the  street  mains  ought,  when  the 
flow  is  most  rapid,  to  be  equivalent  to  an  elevation  of  about  20  feet 
above  the  tops  of  the  adjoining  houses,  in  order  that  their  upper- 
most stories  may  be  directly  supplied,  and  that  it  may  be  possible 
to  throw  a  jet  to  the  top  of  the  highest  building  without  the  aid  of 
a  fire-engine. 

'The  required  virtual  head  in  various  districts  of  the  town  being 
fixed,  the  virtual  declivity  from  the  source  to  each  of  those  districts  is 
to  be  made  as  nearly  uniform  as  circumstances  will  permit,  if  pipes 
are  used  throughout  Should  a  conduit  be  used  for  part  of  the 
distance,  and  pipes  for  the  remainder,  the  pipes  should  have  the 
steeper  virtual  declivity,  and  consequently  the  greater  share  of  the 
total  virtual  fall  in  proportion  to  their  length,  in  order  that  they 
may  be  smaller  than  the  conduit ;  because  their  cost  is  greater  in 
pro[)ortion  to  their  size  than  that  of  the  conduit.  No  precise  rule 
can  be  laid  down  for  this  distribution  of  fall  between  pipes  and 
conduit;  but  in  some  good  examples  the  virtual  declivity  of  the 
pipes  has  been  made  eight  times  as  steep  as  the  actual  dedivity  of 
the  conduit.  As  to  the  discharging  capacity  and  construction  of 
conduits  and  pipes,  see  Articles  4^50,  451,  pp.  684  to  688,  and 
Articles  474  to  478,  pp.  718  to  724. 

In  a  town  of  irregular  levels,  or  of  great  extent,  the  same  virtual 
declivity  which  is  required  in  order  to  give  sufficient  head  of 
pressure  in  the  higher  parts  of  the  town,  or  in  those  more  distant 
from  the  soiurce,  may  give  excessive  pressure  in  the  lower  or  nearer 
parts.  In  such  cases  the  excessive  pressure  in  the  branch  mains 
and  distributing  pipes  of  the  latter  districts  may  be  moderated  by 
any  convenient  means  of  causing  loss  of  head  at  their  inlets,  such 
as  passing  the  water  through  small  orifices,  or  loaded  valves ;  the 
latter  being  the  more  accuitite  method  in  its  working. 

492.  CoMpeBMiloM  Water  is  the  supply  of  water  which  is  secured 
to  the  owners  and  occupiers  of  land  and  mills,  and  other  parties 
interested  in  the  sources  from  which  water  is  diverted  to  supply  a 
town,  in  order  that  they  may  not  suffer  damage  by  such  diversion. 
It  must  be  at  least  equal  to  the  supply  which  was  beneficially 
available  for  their  use  before  the  execution  of  the  water- works,  or 
else  they  must  receive  compensation  in  money  for  the  deficiency. 
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The  only  means  of  enabling  a  source  of  water  to  supply  a  town, 
besides  providing  the  landholders  with  compensation  water,  accord- 
ing to  the  preceding  principle,  is  to  store  in  reservoirs  and  discharge 
by  degrees  the  flood-waters  which  previously  ran  to  waste.  (See 
Section  ILL  of  this  chapter,  p.  699.) 

In  providing  the  daily  supply  of  compensation  water  to  which 
the  landholders  on  the  course  of  a  stream  are  entitled,  different  prin- 
ciples have  been  followed  in  different  cases.  The  following  are 
three  of  them : — 

I.  To  secure  them  the  average  su/mmer  ducharge,  exclusive  oj 
floods,  as  ascertained  by  gauging.  (As  to  the  distinction  between 
flood  discharges  and  oidinary  discharges,  see  Article  458,  p.  698). 

II.  To  give  them  a  proportion  iixed  by  agreement  (usually  on^ 
third,  or  thereabouts)  of  the  whole  water  impounded. 

In  some  cases  a  special  arrangement  has  been  come  to,  by  which 
the  landholders,  on  condition  of  a  certain  supply  being  delivered 
down  the  stream  during  the  day,  have  agreed  to  a  less  supply 
being  delivered  during  the  night. 

IIL  To  make  a  special  compensation  reservoir,  receiving  the 
discharge  from  a  certain  proportion  of  the  gathering-ground,  and 
to  hand  it  over  to  the  landholders,  to  be  managed  under  their  own 
oontroL 

The  usual  method  adopted  in  delivering  a  fixed  daily  quantity 
of  water  into  the  natural  channel  of  a  stream  is  to  construct  a 
tank  in  which  the  water  is  kept  at  a  fixed  level  by  means  of  the 
sluice  or  sluices  through  which  it  is  supplied,  and  let  the  water 
flow  out  of  that  tank  thi-ough  an  outlet  or  outlets  of  a  fixed  area 
and  figure,  under  a  fixed  head. 

49  3.  8imni«^w«rks^onsist  of  reservoirs  with  their  appurtenances, 
as  described  in  Section  IIL  of  this  chapter.  In  estimating  the 
extent  of  gathering-ground  and  capacity  of  the  reservoirs  required, 
regard  must  be  had  to  the  demand  of  water  for  compensation 
(Article  492),  as  well  as  for  the  supply  of  the  town. 

In  most  cases  in  which  a  town  is  supplied  from  works  of  this 
class,  the  best  economy  consists  in  choosing  the  sites  of  the  store 
reservoirs,  and  designing  the  conduits  and  principal  main  pipes,  so 
as  to  supply  every  part  of  the  town  by  means  of  the  gravitation  of 
the  water  alone.  But  exceptional  cases  sometimes  occur,  in  which 
a  great  saving  may  be  effected  in  capital  outlay,  and  especially  in 
the  cost  of  conduits  and  pipes,  by  inciurring  a  comparatively  small 
additional  annual  expenditure  in  order  to  supply  some  limited  dis- 
trict that  is  highly  elevated  above  the  rest  of  the  town  by  means  of 
a  pumping  steam  engine,  instead  of  giving  the  conduits  and  prin- 
cipal main  pipes  the  dimensions  required  in  order  to  supply  that 
limited  district  by  gravitation. 
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494.  Bpriapi  in  many  cases  are  so  variable  in  their  diacliarge 
that  they  can  only  be  classed  amongst  the  sources  whose  waters 
require  to  be  stored  in  a  reservoir.  But  occasionally  springs  are 
met  with  which  are  the  outlets  of  extensive  porous  strata,  forming 
underground  natural  reservoirs  that  maintain  a  nearly  uniform  dis- 
charge independently  of  artificial  storage.  (See  Article  456,  p.  696.) 
When  the  waters  of  such  springs  are  diverted  from  the  streams  into 
which  they  naturally  flow  in  order  to  supply  a  town,  the  ordinary 
summer  flow  of  those  streams  must  be  maintained  at  its  original 
volume  by  the  aid  of  the  flood-waters  of  a  gathering-ground,  stored 
in  a  reservoir. 

495.  ritot^WmIw— Paantiaf. — A  large  river  may  be  used  for  the 
sui)ply  of  a  town,  independently  of  storage-works,  provided  the 
volume  of  water  brought  down  by  it  is  at  all  times  so  great,  that 
the  temporary  abstraction  of  a  volume  sufficient  to  supply  the 
town  will  cause  no  injury  to  its  navigation,  or  the  interests  of  the 
inhabitants  of  its  banks. 

The  works  requii-ed  in  order  to  supply  a  town  fi-om  such  a  river 
usually  comprise  a  toeir,  for  maintaining  part  of  the  river  at  a 
nearly  constant  level  (Article  472,  p.  713);  two  or  more  seUlinff- 
jxmds,  into  which  the  water  is  conducted,  or  if  necessary,  pumped, 
or  otherwise  raised  by  machinery;  filtering  apparatus;  and  a  suf- 
ficient establishment  of  pumping  engines. 

It  would  be  foreign  to  the  plan  of  the  present  work  to  enter  into 
dettiils  as  to  the  construction  and  working  of  pumping  steam 
engines.  The  following  principles,  however,  must  be  stated  as 
specially  applicable  to  their  use  for  the  supply  of  a  town. 

I.  The  effective  power  required  to  be  in  operation  may  be  com- 
puted in  foot-pounds  per  hovjTy  by  multiplying  the  vxxgld  of  water 
to  be  delivered  per  hour  by  the  ioiaX  head  at  the  en^nes  in  feet; 
such  head  being  measured  from  the  level  of  the  water  in  the  tank 
whence  the  engines  draw  it,  to  the  virtual  elevation  required  in 
order  to  give  sufficient  head  in  the  town  and  sufficient  virtual 
declivity  in  the  principal  main  pipes.  To  find  the  eff^eetive  hone- 
power,  divide  the  effective  power  in  foot-pounds  per  hour  by 
1,980,000.  The  indicated  Iiorse-potoer  is  about  once  and  a-quarter 
the  effective  horse-power. 

II.  Reserve  power  should  be  provided  to  an  amount  equal  to  at 
least  one-half  of  the  working  power ;  for  example,  of  three  engines 
of  equal  power,  two  are  to  be  kept  at  work  and  the  third  in 
reserve. 

III.  Air-vessels  and  stand-pipes  are  contrivances  to  prevent  the 
shocks  to  which  the  pipes  would  be  exposed  by  the  intermittent 
action  of  the  pumps,  and  to  maintain  an  uniform  head  of  pressure 
and  velocity  of  flow  in  the  pipes. 
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An  air-Tessel  is  an  air-tiglit  receiver,  usuallj  of  cast  iran,  and  of 
the  figure  of  a  cylinder  standing  verticallj,  with  a  hemispherical 
top  and  bottom.  At  its  lower  end  are  two  openings,  an  inlet 
througb  which  water  enters  from  a  pump,  and  an  outlet  from 
which  the  water  is  discharged  along  a  pipe.  Its  upper  portion 
contains  compressed  air,  which  tends  continuaUy  to  diminish  in 
quantity,  partly  by  leakage  and  partly  by  absorption  in  the  water, 
so  that  a  small  supply  of  air  should  be  forced  in  from  time  to  time 
by  means  of  a  compressing  pump.  The  effect  of  the  air-vessel  in 
moderating  fluctuations  of  pressure  is  expressed  by  the  following 
proportion : — 

mean  volume  of  air  in  the  vessel  :  volume  of  the  pump 

:  ;  mean  head  of  pressure  :  greatest  fluctuation  of  the  head 

of  pressure. 

In  some  good  practical  examples,  the  capacity  of  the  air-vessel  is 
about  ^^^  times  that  of  the  pump. 

A  tingle  stand-pipe  is  a  vertical  cast  iron  pipe,  rising  a  little 
higher  than  the  elevation  due  to  the  head  of  pressure,  and  open  at 
the  top.  It  has  at  its  base  an  inlet  through  which  it  receives 
water  from  the  pumps,  and  an  outlet  or  outlets  through  which  it 
discharges  water  into  the  horizontal  supply-pipes.  Its  sectional 
area  varies  from  once  to  twice  that  of  its  outlets,  or  thereabouts. 
It  equalizes  the  pressure  and  flow  even  more  effectually  than  an 
air-vessel,  for  the  rapid  entrance  of  the  quantity  of  water  due  to 
oDe  stroke  of  a  pump  produces  but  a  slight  elevation  of  the  surface 
of  the  water  in  the  stand-pipe  as  compared  with  its  total  height 

A  double  stand-pipe  has  two  branches,  in  one  of  which  the  water 
ascends  from  the  pump,  while  in  the  other  it  descends  to  the  mains : 
the  two  branches  unite  at  the  top  into  a  vertical  stem,  which  is 
open  above.  This  construction  effects  a  constant  renewal  of  the 
water  in  the  stand-pii>e. 

In  estimating  the  dimensions  and  speed  required  for  the  piston 
<)T  plunger  of  a  pump  that  is  to  deliver  a  given  volume  of  water 
in  a  given  time,  it  is  usual  to  add  about  (me-fifih  to  that  volume  as 
an  allowance  for  "  «Zip/"  that  is,  water  which  runs  back  thi'ough 
the  pump-clacks  while  they  are  in  the  act  of  closing.  It  appears, 
however,  from  experiment,  that  in  the  best  pumps  the  slip  is  not 
practically  appreciable.* 

*  llie  co8t  of  pamping  laige  qntntities  of  water,  as  ascertained  from  the  accounts 
of  the  expenditure  of  the  former  Glasgow  Water- Works  (since  superseded  by  the  Loch 
Katrine  Works),  during  a  long  series  of  years,  was  at  the  rate  of  almost  exactly 
400,000  gaiJUm  raited  onejootjbr  apmnyi  that  is  to  say,  4,000,000  fiot-pounda  ^ 
^fidb^  work  far  a  pmmy. 
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496.  Wdb  may  be  used  as  souroes  for  a  fmpply  of  -water,  where 
a  water-bearing  stratum  exists  into  wbicli  they  can  be  sank.  The 
water  in  such  a  stratum  has  always  either  an  actual  or  a  Tirtoal 
declivity  towurds  the  place  where,  by  the  outcrop  of  the  stratum,  it 
makes  its  escape  into  a  river,  or  into  the  sea.  Should  the  waters 
bearing  stratum  have  its  gathering-ground  at  a  high  elevation,  and 
should  it  be  covered,  in  a  district  &r  distant  from  its  final  outlet, 
by  an  impervious  stratum,  the  line  of  virtual  declivity  may  be 
above  the  surfisioe  of  the  ground  in  that  district;  so  that,  on  boring 
or  tanking  a  well  through  the  impervious  stratum,  the  water  will 
spout  up  in  a  jet  Such  wells  are  called  "  Artesian  Wells."  In 
other  cases  the  line  of  virtual  or  actual  declivity  is  below  the 
surface  of  the  ground,  and  the  water  must  be  raised  by  pumping 
(as  to  which,  see  the  preceding  article). 

The  raising  of  a  large  quantity  of  water  from  a  wat^>beanng 
stratum  has  always  the  effect  of  depressing  the  water-level  to  an 
extent  which  cannot  be  estimated  beforehand. 

The  quantity  of  water  which  a  wate]>bearing  stratum  is  capable 
of  yielding  may  be  estimated  in  the  manner  explained  in  Article 
456,  p.  696,  provided  the  position  and  extent  of  its  gathering- 
ground  can  be  ascertained;  but  that  can  seldom  be  done  with 
precision. 

In  sinking  or  boring  for  well  water,  it  is  in  general  advisable  to 
prevent  the  surface  water  from  mixing  with  that  of  the  well. 
This  is  done,  in  the  case  of  a  bore,  by  lining  it  with  iron  pipes,  and 
in  the  case  of  a  shaft,  by  lining  it  with  brickwork  laid  in  cement 

As  to  boring  and  shaft-sinking,  see  Article  187,  p.  331,  and 
Article  391,  p.  589. 

497.  The  Pnrltf  •r  Water  is  a  subject  of  which  the  detailed  con- 
sideration belongs  to  chemistry  and  physiology  rather  than  to 
engineering.  The  following  general  principles,  however,  may  be 
stated. 

For  purposes  of  cleansing,  cookery,  chemistry,  and  manufactures, 
the  best  water  is  that  whic^  approaches  nearest  to  absolute  purity. 
Such  is  the  water  which  flows  from  mountain  districts,  where 
granite,  gneiss,  and  slate  prevail  Such  water  usually  contains  a 
large  quantity  of  difiiised  oxygen  and  carbonic  acid.  It  is  the 
most  wholesome  for  drinking,  and  the  most  agreeable  to  Uioee 
whose  taste  does  not  prefer  a  certain  admixture  of  earthy  salt& 

The  most  common  mineral  impurities  of  water  are  salts  of  lime 
and  iron,  which  injure  it  for  all  purposes  except  drinking.  Salts 
of  lime,  especially  the  bicarbonate,  are  the  principal  causes  of  the 
property  called  '*  hardness.*'  The  bicarbonate  of  lime  can  be 
I'emoved  by  adding  to  the  water  as  much  lime-water  as  contains  a 
quantity  of  lime  equal  to  that  already  contained  in  the  bicarbonate 
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of  lime  present.  The  additional  lime  thus  added  combines  with  one- 
half  of  the  carbonic  acid,  thus  becoming  chalk  itself,  and  reducing 
the  bicarbonate  to  chalk  also ;  and  the  chalk,  being  insoluble,  settles, 
and  leaves  the  water  softened.  This  is  Dr.  Clarke's  process  of  soften- 
ing water.  The  degrees  qflugrdnese  of  a  specimen  of  water  means 
the  number  of  grains  of  chalk  which  the  lime  held  in  solution  in 
a  gallon  of  the  water  (or  70,000  grains)  is  capable  of  forming. 
Water  of  less  than  5  degrees  of  hardness  may  be  considered  as 
comparatively  soft;  that  of  12  or  13,  as  decidedly  hard. 

The  waters  collected  directly  from  gathering-grounds  are  usually 
the  softest^  those  of  rivers  harder,  those  of  springs  and  wells 
hardest  of  all. 

The  drainage  waters  of  cultivated  and  populous  districts,  and 
above  all,  those  of  towns  and  their  neighbourhood,  are  to  be 
avoided,  as  containing  organic  matter  in  the  act  of  decomposition, 
and  being  therefore  unwholesome,  and  sometimes  highly  dajigerous. 

The  taste  and  smell  of  a  person  accustomed  to  dnnk  pure  water 
and  breathe  pure  air  may  in  general  be  relied  upon  for  the  detection 
of  the  presence  of  impurities  in  water,  though  not  of  their  nature 
or  amount;  but  in  persons  who  have  for  some  time  habitually 
drunk  impure  water  and  breathed  a  foul  atmosphere  those  senses 
become  blunted. 

The  colouring  matter  of  peat  moss,  which  is  a  compound  of 
carbon  with  oxygen  and  hydrogen,  unfits  water  for  many  manu- 
facturing purposes.  It  does  not  render  it  unfit  for  drinking,  unless 
present  in  considerable  quantity,  when  it  produces  an  unpleasant 
flatness  of  taste;  but  whether  that  substance  is  unwholesome  or  not 
has  not  been  ascertained.  Its  appearance  is  strongly  objected  to 
by  the  inhabitants  of  most  towns.  Long  exposure  to  light  and  air 
destroys  it,  probably  by  oxidating  its  cai%on. 

The  long-continued  action  of  oxygen  decomposes  and  destroys 
organic  matter  in  water,  and  is  the  principal  means  of  purifying 
originally  impure  water.  In  store  reservoirs  the  presence  of  a 
moderate  quantity  of  living  plants  is  favourable  to  purity  of  the 
water,  provided  there  are  also  animals  enough  to  consume  them,  so 
that  they  may  not  die  and  decompose,  and  that  a  proper  balance  is 
kept  up  amongst  animals  of  different  kinds.  The  destruction  of 
the  fish  in  a  reservoir  has  been  known  to  lead  to  an  excessive 
multiplication  of  the  small  crustaceous  animals  ujx>n  which  the  fish 
had  fed,  to  such  an  extent  that  the  water  acquired  a  nauseous 
flavour  from  the  oil  which  those  minute  creatures  contained.  The 
only  remedy  was  to  re-stock  the  reservoir  with  fish.* 

*  Tiaa  case  was  examined  into  and  reported  upon,  and  the  xemedj  discorered,  b^ 
Dr.  E.  D.  Bogda. 

3b 
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Shallow  reserroirs  are  unfavoarable  to  pnrity,  because  tbe 
warmth  of  the  water  produced  by  the  sun's  heat  enooumges  the 
growth  of  an  excessive  quantity  of  vegetation,  most  of  which  dies 
and  decomposes. 

On  the  subject  of  the  purity  of  water,  see  Dr.  R.  Angus  Smith's 
''  Report  on  the  Air  and  Water  of  Towns^"  in  the  B^arta  oftht 
Bnixak  AssocioUian  for  1851. 

498.  Settlias  uid  wshxmMk&m — A  store  reservoir  generally  answers 
the  purpose  of  a  settling-pond  also,  to  clear  the  water  of  earthy 
matter  held  in  suspension.  Water  pumped  &om  a  river  generally 
requires  to  rest  for  a  time  in  a  settUng-pond. 

The  water  both  of  rivers  and  of  gathering-grounds  in  most 
cases  requires  to  be  filtered.  A  filter-bed  for  that  puipose 
consists  of  a  tank  about  5  feet  deep,  having  a  paved  bottom^  covered 
with  open-jointed  tubular  drains  leading  into  a  central  culvert; 
the  drains  are  covered  with  a  layer  of  gravel  about  3  feet  deep,  and 
that  with  a  layer  of  sand  2  or  3  feet  deep.  The  water  is  delivered 
upon  the  upper  surface  of  the  sand  very  slowly  and  uniformly;  it 
gradually  descends,  and  is  collected  by  the  drains  into  the  central 
culvert  The  area  of  the  filter  should  be  such  that  the  water  to 
be  filtered  may  not  descend  vertically  with  more  than  a  certain 
speed;  for  the  whole  efficiency  of  the  filtering  process  depends  on 
its  slowness.  The  speed  of  vertical  descent  recommended  by  the 
best  authorities  is  six  inches  an  hour;  in  some  cases  a  speed  as  high 
as  one/oot  an  hour  has  been  used. 

There  should  be  a  sufficient  number  of  filter-beds  to  ensble  some 
to  be  cleansed  whilst  others  are  in  use.  The  cleansing  is  performed 
by  scraping  from  the  sur&oe  of  the  sand  a  thin  layer,  in  which  all 
the  dirt  collects. 

It  appears  that  proper  filtration  not  merely  removes  mechanical 
impurities  from  the  water,  but  even  uigauic  impurities,  by  causing 
their  oxidation. 

499.  iNairikHitai^Baataft  cr  Tmwm  BMervvin. — It  has  been  ex- 
plained in  Article  490,  p.  730,  that  the  greatest  hourly  demand 
for  water  is  about  double  of  the  average  hourly  demand;  from 
which  it  follows,  that  the  pipe  or  conduit  which  directiy  snjn 
plies  a  given  town,  or  part  of  a  town,  must  have  about  double 
the  dischaiging  capacity  that  it  would  require  if  the  hourly  demand 
were  uniform. 

The  great  additional  expense  which  this  would  cause  in  the 
principal  conduits  and  main  pipes  is  saved  by  the  use  of  distributing- 
basins  or  town  reservoirs, 

A  distributing-basin  for  a  given  district  is  a  small  reservoir, 
capable  of  containing  a  volume  of  water  at  least  equal  to  the  whole 
excess  of  the  demand  for  water  during  those  horn's  of  the  day  when 
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such  demand  exceeds  the  average  rate  above  a  supply  during 
the  same  time  at  the  average  rate.  The  smallest  capacity 
which  wUl  enable  a  distributing-basin  to  fulfil  that  condition  is 
about  one-half  of  the  daily  demand  of  the  district  to  which  it 
belongs;  but  to  provide  for  unforeseen  contingencies,  it  may  be 
made  to  contain  a  whole  day's  demand,  or  even  more.  It  is  sup- 
plied with  water  at  an  uniform  rate,  by  a  principal  main  pipe, 
which  thus  only  needs  to  be  made  capable  of  supplying  the  average 
hourly  demand,  the  distributing-pipes  alone  requiring  to  be  adapted 
to  the  greatest  hourly  demand.  During  the  night,  when  the 
supply  exceeds  the  demand,  the  water  accumulates  in  the  distribut- 
ing-basin; during  the  day,  when  the  demand  exceeds  the  supply, 
that  accumulated  water  is  expended. 

The  area  of  a  distributing-basin  should  be  such,  that  the  variation 
of  its  water-level  may  not  cause  an  inconvenient  variation  of  the 
head  of  pressure  in  the  pipes,  nor  in  their  virtual  declivity. 

It  may  be  built  and  paved  with  masonry  or  brickwork  lined 
with  cement,  in  which  case  the  stability  of  its  walls  will  depend  on 
the  principles  cited  in  Article  465,  p.  707 ;  or  it  may  be  made  of 
rectangular  cast  iron  plates,  flanged  and  bolted  together,  the  op- 
posite sides  of  the  reservoir  being  tied  together  by  means  of  wrought 
iron  rods,  to  enable  them  to  resist  the  pressure.  The  figure  in 
plan  will  in  general  be  regulated  by  that  of  the  site;  but  should 
the  engineer  be  free  to  choose  any  figure,  the  circular  figure  is 
obviously  the  best. 

The  elevation  of  the  site  should  be  such  as  to  command  the  dis- 
trict to  be  supplied  from  the  basin,  according  to  the  principles  of 
Article  491,  p.  732^  and  it  should  be  as  near  that  district  as 
possible. 

Every  distributing-basin  should  be  roofed,  that  the  water  may  be 
protected  against  heat,  frost,  and  the  dust  and  soot  which  float  in 
the  air  of  populous  districta  The  most  efficient  protection  against 
heat  and  frost  is  that  given  by  a  vaulted  roof  of  masonry  or  brick, 
covered  with  asphaltic  concrete  to  exclude  surface  water,  and  with 
two  or  three  feet  of  soil,  and  a  layer  of  turf. 

When  water  is  brought  to  a  city  irouk  a  great  distance,  it  may 
be  useful  to  construct  in  the  neighbourhood  of  the  city  (shoiild  the 
ground  afibrd  a  suitable  site),  a  large  town  reservoir  or  auxiliaiy 
store  reservoir,  capable  of  holding  a  store  of  water  for  about  a 
month's  demand,  to  be  used  in  the  event  of  an  accident  happening 
to  the  more  distont  part  of  the  main  conduit,  until  the  damage  is 
repaired.  Fi'om  that  reservoir  to  the  town  the  main  pipes  may 
form  a  double  line,  so  that  in  the  event  of  a  failure  of  one  line,  a 
supply,  although  a  diminished  one,  may  be  conveyed  through  the 
other  line   until  the  first  line  is  repaii'ed.     The  construction  of 
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Btich  an  auxiliaiy  store  reservoir  will  in  general  be  similar  to  that 
of  the  reaeryoirs  described  in  Section  III.  of  this  chapter. 

500.  iHattibvcfaic-PipM  must  be  adapted  to  the  grealeH  hourly 
demand  for  water,  and  to  the  requisite  head  in  the  streeta,  as 
already  explained  in  Articles  490  and  401,  pp.  730  to  733.  In  latge 
cities  the  total  length  of  distributing-pipes  required  is  about  a  mile  for 
eyerj  2,000  or  3,000  inhabitants.  The  smaller  the  town,  the  smaller 
in  general  is  the  proporUonale  extent  of  distributing-pipes  required. 

The  distributing-pipes  which  are  laid  along  the  street  axe  classed 
as  maina  and  service-pipes;  the  chief  distinction  being,  that  a  main 
either  conveys,  or  is  capable  of  conveying,  water  along  a  street  to 
some  place  beyond  it;  while  a  service-pipe  is  a  branch  diverging 
from  a  main,  in  order  to  supply  a  sii^le  or  double  row  of  buildings. 
In  wide  streets,  and  in  those  of  great  traffic,  it  is  best  to  have  two 
service-pipes,  one  for  each  side,  in  order  that  they  may  be  laid  so 
as  to  be  accessible  without  interrupting  the  traffic  of  the  street  (see 
Article  421,  p.  629),  and  in  order  that  the  house  water-pipes  may 
be  as  short  as  possible,  and  may  lie  as  little  as  possible  under  the 
carriage-way. 

When  a  general  rate  of  virtual  declivity  has  been  fixed  for  the 
distributing-pipes  of  a  town  or  of  a  district  of  a  town,  and  the 
diameters  of  the  more  important  mains  have  been  computed  by  the 
proper  formula,  those  of  all  branch  mains  and  service-pipes  are 
easily  deduced  from  them  by  the  rule,  that,  with  equal  virtual 
declivities,  the  diameters  of  pipes  are  to  be  proportional  to  l^e 
squares  of  the  fiflh  roots  of  the  quantities  of  water  that  tiiey  are  to 
convey. 

When  a  pipe  of  uniform  diameter  has  a  series  of  branches  diverg- 
ing from  it,  so  that  the  flow  of  water  through  it  becomes  leas  and 
less  at  an  uniform  rate,  until  the  pipe  terminates  at  a  "  dead  end^ 
the  virtual  declivity  goes  on  diminishing,  being  proportional  to  the 
sqwjvre  of  the  distance  Jrom  the  dead  end;  the  excess  of  the  head  at 
any  point  above  the  head  at  the  dead  end  is  proportional  to  the 
cube  of  the  distance  from  the  dead  end;  and  the  total  virtual 
fall,  from  the  commencement  of  the  pipe  to  the  dead  end,  is  one- 
third  of  what  it  would  have  been  had  the  whole  quantity  of  water 
flowed  along  the  pipe  without  diveiging  into  branch  pipes. 

All  dead  ends  of  pipes  should  be  provided  with  scouring-valves^ 
which  should  be  opened  from  time  to  time  to  prevent  the  accumu- 
lation of  deposit  there.  Pipes  should  be  laid  out  and  connected 
with  each  other  so  as  to  have  as  few  dead  ends  as  possible ;  and 
with  that  view  it  is  desirable  that  service-pipes  should,  if  practi- 
cable, be  connected  at  both  ends  with  mains. 

The  use  of  loaded  valves  to  moderate  pressure  has  already  been 
mentioned  in  Article  49 1,  p.  732. 
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.  The  system  called  that  of  constant  service^  acoording  to  which  all 
distributing-pipes  are  kept  charged  with  water  at  all  times,  is  the 
best^  not  only  for  the  convenience  of  the  inhabitants,  but  alsp  for 
the  durability  of  the  pipes,  and  for  the  purity  of  the  water;  for 
pipes,  when  alternately  wet  and  diy,  tend  to  rust;  and  when 
emptied  of  water,  they  are  liable  to  collect  rust,  dust,  coal-gas,  and 
the  effluvia  of  neighbouring  sewers,  which  are  absorbed  by  the 
water  on  its  re-admission.  In  order,  however,  that  the  system  of 
constant  service  may  be  carried  out  with  efficiency  and  economy,  it 
is  necessaiy  that  the  diameters  of  the  pipes  should  be  carefully 
adapted  to  their  discharges,  and  to  the  elevation  of  the  district 
wliich  they  are  to  supply^  and  that  the  town  should  be  sufficiently 
provided  with  town  reservoirs.  When  these  conditions  are  not 
fulfilled,  it  may  be  indispensable  to  practise  the  system  of  iriter- 
nUtterU  service,  especially  as  regards  elevated  districts ;  that  is  to 
say,  to  supply  certain  distri^^ts  in  succession,  during  certain  hours 
of  the  day.  The  adoption  of  this  system  makes  it  necessary  for  the 
inhabitants  to  have  dstems  in  their  houses  for  the  purpose  of 
holding  the  daily  store  of  water.  In  the  poorer  districts  of  towns, 
it  is  often  advisable  to  have  one  lai^e  tank  for  a  group  of  small 
houses,  instead  of  a  cistern  in  each  house;  the  tank  may  be  under 
the  control  of  the  water-work  officials,  and  may  be  filled  once  a 
day,  and  the  householders  may  be  supplied  from  it  through  small 
pipes  constantly  charged,  and  may  thus  have  the  convenience  of 
constant  service  although  the  supply  to  the  tank  is  intermittent 

oOO  A.  On  the  subject  of  the  collection,  conveyance,  and  dis- 
tribution of  water  generally,  special  reference  may  be  made  to  the 
works  of  Du  Buat,  M.  D*Aubuisson,  Mr.  Neville,  and  Mr. 
Downing,  On  IlydraiUics;  Tredgold's  ffydraiulic  Tracts;  Mr. 
Beardmore's  ffydraulic  Tables;  Professor  Becker's  "  Wasserbau;** 
and  Dr.  Hagen's  "  ffandbtich  der  Waaserbaukunst*'  (Konigsberg, 
1853  to  1857);  and  on  that  of  the  water  supply  of  towns,  to  the 
FarlioTnentary  Reports  on  the  supply  of  water  to  the  metropolis, 
and  to  the  Reports  of  the  Board  of  Health  on  the  same  subject. 
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OF  WORKS  OF  INLAND  NAYIOATION. 

Section  L — OfCamaU, 

be  divided  into  three  classes — 

I.  Levd  Canals  J  or  Ditch  Canals,  consisting  of  one  reach  orpond^ 
which  is  at  the  same  level  throughout.  The  most  economical 
course  for  a  canal  of  this  sort  is  obviousl  j  one  which  nearly  follows 
a  contour-line,  except  where  opportunities  occur  of  saving  expense 
by  crossing  a  ridge  or  a  valley  so  as  to  avoid  a  long  circuit 

IL  LaUral  Canals,  which  connect  two  places  in  the  same  valley, 
and  in  which,  therefore,  there  is  no  summit  level,  the  fall  taking 
place  in  one  dii'ection  only.  A  lateral  canal  is  divided  into  a  series 
of  level  reaches  or  ponds,  connected  by  sudden  changes  of  level,  at 
which  there  are  either  single  locks  or  flights  of  locks,  or  some 
other  means  of  transferring  boats  from  one  level  to  another.  The 
"  lift"  of  a  single  lock  ranges  from  2  feet  to  12  feet,  and  is  most 
commonly  8  or  9  feet.  Each  level  reach  is  to  be  laid  out  on  the 
same  principles  with  a  level  canal.  In  fixing  the  lengths  of  the 
reaches  and  the  positions  of  the  locks,  the  engineer  should  have 
regard  to  the  fact  that  economy  of  water  is  promoted  by  distributing 
a  given  fall  amongst  single  locks  with  reaches  between  them,  rather 
than  concentrating  the  whole  fall  at  one  flight  of  locks. 

III.  Canals  vnth  Summits  have  to  be  laid  out  with  a  view  to 
economy  of  works  at  the  passes  between  one  valley  and  another, 
and  with  a  view  also  to  the  obtaining  of  sufficient  supplies  of  water 
at  the  summit  reaches.  The  subject  of  the  supply  of  water  to 
canals  will  be  considered  further  on. 

502.  VMm  ■■<  DlineBatoMa  •f  Wmtwwmj* — Although,  for  the 
sake  of  saving  expense  in  aqueducts  and  bridges,  short  portions  of 
a  canal  may  be  made  wide  enough  for  the  passage  of  one  boat  only, 
the  general  width  ousht  to  be  sufficient  to  allow  two  boats  to  pass 
each  other  easily.  The  depth  of  water  and  sectional  area  of  water* 
way  should  be  such  as  not  to  cause  any  material  increase  of  the 
resistance  to  the  motion  of  the  boat  beyond  what  it  would  encoun- 
ter in  open  water.  The  following  are  the  general  rules  which  fulfil 
these  conditions: — 
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Least  Breadth  ait  Bottom  =  2  x  greatest  breadth  of  a  boat. 
Least  Depth  of  Water       =1^  foot  +  greatest  draught  of  a  boat 
Least  Area  of  Water-way-  6  x  greatest  midship  section  of  a  boat. 

The  bottom  of  the  water-way  is  flat.  The  sides,  when  of  earth 
(which  is  generally  the  case),  should  not  be  steeper  than  1^  to  1; 
when  of  masoniy,  they  may  be  vertical;  but,  in  that  case,  about  2 
feet  additional  width  at  the  bottom  must  be  given  to  enable  boats  to 
clear  each  other,  and  if  the  length  traversed  between  vertical  sides 
is  great,  as  much  more  additional  width  as  may  be  necessary  in 
order  to  give  sufficient  sectional  area. 

The  customary  dimensions  of  canal-boats  have  been  fixed  with  a 
view  to  horse-haulage.  The  most  economical  use  of  horse-power  on 
a  canal  is  to  draw  heavy  boats  at  low  speeds.  The  heaviest  boat 
that  one  horse  can  draw  at  a  speed  of  from  2  to  2^  miles  an  hour 
weighs,  with  its  cargo,  about  105  tons,  is  about  70  feet  long  and 
1 2  feet  broad,  and  draws  about  4^  feet  of  water  when  fully  loaded. 
Smaller  boats,  which  a  horse  can  draw  at  3^  or  4  miles  an  hour,  are 
of  about  the  same  length,  6  or  7  feet  broad,  and  draw  about  2^  feet 
of  water. 

Boats  of  the  greater  breadth  above-mentioned  can  easily  be  adapted 
to  the  various  methods  of  propulsion  by  steam,  whether  by  means 
of  the  screw  propeller  or  the  warping  chain,  or  fixed  engines  and 
endless  wire  ropes  (Mr.  LiddelFs  system). 

Ordinary  canals  are  suited  to  boats  such  as  the  above.  A  larger 
class  of  canals  are  suited  to  sea-going  vessels. 

The  following  are  examples  of  the  extreme  and  ordinary  dimen- 
sions of  canals: — 

Breadth  Breadth  Depth 

at  Bottom.        at  Top-water.  of  Water. 

Small  canal, 12  feet, 24  feet, 4  feet 

Ordinary  canal,....  25    „     40    „     5    „ 

Large  canal, 50    „     110    „     20  „ 

503.  Cmmmguedm^  •T  a  €«wL — The  least  expensive  parts  of  a 
canal  are  those  in  which  the  upper  part  of  the  water-way  is  con- 
tained between  two  embankments,  and  the  lower  part  in  a  cutting, 
the  earth  dug  from  which,  together  with  that  dug  firom  the  side- 
drains  at  the  foot  of  the  outer  slopes,  is  just  sufficient  to  fonn  the 
embankments. 

All  canal  embankments  should  be  formed  and  rammed  in  thin 
layera  (Article  203,  p.  341.)  The  width  of  the  embankment 
which  carries  the  towing-path  is  usually  about  12  feet  at  the  top; 
that  of  the  opposite  embankment  at  least  4  feet,  and  sometimes  6 
feet  Each  embankment  has  a  vertical  puddle  wall  in  its  centre 
from  2  to  3  feet  thick. 
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Iq  cnttingy  there  should  be  a  bench  or  berm  of  12  or  14  feet  wide, 
at  one  ade,  for  the  towing-path,  and  on  the  opposite  side  a  bench 
about  3  or  4  feet  wide  at  the  same  leveL  At  the  feet  of  the 
idopes,  which  terminate  at  those  benches,  there  are  a  pair  of  aide- 
drains,  as  described  in  Article  193,  p.  335.  These  side-dnuns 
dischaige  their  water  at  intervals  into  the  canal  through  tubes. 

The  surface  of  the  towing-path  is  usually  about  2  feet  above  the 
wateMeyeL  It  is  made  to  slope  slightly  in  a  direction  away  from 
the  canal,  in  order  to  give  a  better  foot-hold  for  the  horses,  as  they 
draw  in  an  oblique  direction. 

The  slopes  are  to  be  pitched  with  dry  stone  from  6  to  9  inches 

Occasionally  it  may  be  necessary  to  line  a  canal  with  concrete, 
or  to  face  the  sides  with  rows  of  sheet-piling,  in  order  to  retain  the 
water. 

Natural  water-courses  are  to  be  carried  below  the  canal  by  means 
of  bridges  and  culverts,  and,  if  necessary,  by  inverted  siphons  of 
masonry  or  iron.  Where  such  waterKX>urses  are  above  the  level  of 
the  canal,  their  waters  may  be  partly  used  for  supplying  it;  but 
means  should  be  provided  for  carrying  such  waters  wholly  across 
the  canal  when  required. 

Each  reach  of  a  canal  should  be  provided  with  waste-weirs  in 
suitable  positions,  to  prevent  its  waters  from  rising  to  too  high  a 
level ;  also  with  sluices,  through  which  it  may  be  wholly  emptied  of 
water  for  purposes  of  repair;  and  in  a  reach  longer  than  two  miles, 
or  thereabouts,  there  may  be  stop-gates  at  intervals,  so  that  one 
division  of  the  reach  may  be  emptied  at  a  time,  if  necessary.  The 
rectangular  channel  under  a  bridge  or  over  an  aqueduct  is  a  suitable 
place  for  such  gates. 

Leaks  in  canals  may  sometimes  be  stopped  by  shaking  loose  sand, 
day,  lime,  chaff,  &c,  into  the  water.  Tlie  particles  are  carried  into 
the  leaks,  which  they  eventually  choke  by  their  accumulation. 

504.  CiuMl  A4p«4«cis  Slid  FisradI  BriifM. — A  canal  aqueduct, 
like  the  aqueducts  for  conduits  already  mentioned  in  Article  476, 
p.  720,  is  a  bridge  supporting  a  water-channel.  The  trough  or 
channd,  for  economy's  sake,  is  usually  made  wide  enough  for  one 
boat  only.  Its  bottom  is  flat,  or  nearly  so;  its  sides  vertical  or 
slightly  battering.  In  aqueducts  of  masonry,  the  total  thickness 
of  material,  from  the  side  of  the  trough  to  the  face  of  the  spandril- 
wall,  is  usually  4  feet  at  least  at  the  side  furthest  from  the  towing- 
path;  at  the  towing-path  side  it  is  sufficient  for  a  towing-path  of 
from  6  to  10  feet  wide,  and  a  parapet  from  15  to  18  inches  thick. 

In  Telford's  cast  iron  aqueduct,  known  as  Pont-y-Cyeylte,  the 
channel  is  a  rectangular  trough  of  cast  iron,  supported  on  cast  iron 
segmental  arched  ribs  of  45  feet  span.     The  trough  is  of  the  whole 
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width  of  the  bridge,  about  12  feet,  and  the  towing-path,  5  feet  8 
inches  wide,  covers  part  of  the  trough. 

The  principle  of  the  suspeTmon  bridge  is  peculiarly  well  adapted 
to  aqueducts,  because,  as  each  boat  displaces  its  own  weight  of 
water,  the  only  disturbance  of  the  uniform  distribution  of  the  load 
is  that  arising  from  the  passage  of  men  and  horses  along  the 
towing-path.  An  aqueduct  of  this  sort,  designed  by  Mr.  fioebling, 
with  seven  spans  of  160  feet,  carries  a  canal  16  feet  wide  and  8  feet 
deep,  over  the  Alleghany  River  at  Pittsburg. 

Fiased  bridges  over  canals  require  no  special  explanation,  except 
to  state  that,  in  the  older  examples  of  them,  the  water-way  is 
contracted  so  as  to  admit  one  boat  only,  and  the  towing-path  is 
only  6  feet  wide,  or  thereabouts,  the  headroom  over  it  being  about 
10  feet  Sometimes  the  archway  admits  the  water-channel  alone, 
while  the  towing-path  ascends  to  the  approach  of  the  bridge  and 
descends  again,  the  tow-rope  being  cast  loose  while  the  horse  passes 
over.  As  to  bridges  for  carrying  railways  over  canals,  see  Article 
436,  p.  663. 

Tunnda  for  canals  usually  have  the  water-way  and  towing-path 
contracted  as  already  described;  and  sometimes  the  towing-path  is 
dispensed  with,  the  boats  being  pushed  through  by  means  of  poles, 
or  by  the  bands  and  feet  of  the  boatmen,  with  ihe  aid  of  notches 
in  the  brickwork,  or  by  means  of  the  various  methods  of  steam 
propulsion. 

o05.  WLmwtmMt  MgUgm  cross  a  canal  near  its  water-level  ai^ 
made  of  timber  or  of  iron,  and  are  capable  of  being  opened  so  as  to 
leave  the  navigation  clear,  and  closed  so  as  to  form  a  passage  for  a 
i"oad  or  railway  by  one  or  other  of  &ve  kinds  of  movement,  viz., 
I.  By  turning  about  a  horizontal  axis ;  II.  By  turning  about  a 
vertical  axis;  III.  By  rolling  horizontally;  IV.  By  lifting  verti- 
cally; y.  By  floating  in  the  canal.  As  regards  the  adaptation  of 
the  strength  and  stifihess  of  a  moveable  bridge  to  the  greatest  load 
vhich  it  has  to  bear  when  closed,  it  differs  in  no  respect  from  a 
fixed  bridge.  But,  besides  having  the  strength  and  stiffiiess  required 
in  a  fixed  bridge,  it  must  fulfil  some  other  conditions,  which  are 
as  follows : — If  it  turns  about  an  axis,  it  must  be  so  balanced  that 
Its  centre  of  gravity  shall  always  lie  in  that  axis;  if  it  roUs  back- 
wards and  forwards  it  must  be  so  balanced  that  its  centre  of 
gravity  shall  always  lie  over  the  base  or  platform  on  which  it 
i^lls :  in  either  of  those  cases  it  must  have  strength  sufficient  to 
support  safely  the  overhanging  part  of  its  own  structure,  when 
deprived  of  direct  support;  if  it  is  lifted  vertically,  it  must  be 
counterpoised;  and  if  it  is  carried  by  a  pontoon  or  float,  that  float 
^^Bt  displace  a  mass  of  water  equal  in  weight  to  the  bridge,  and 
must  have  sufficient  stability. 
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L  A  bridge  which  turns  about  a  horizontal  axis  near  an  end  of 
it8  span  is  called  a  drauo-hridge.  It  is  opened  by  being  ruaed 
into  a  vertical  position  by  means  of  a  pinion  driving  a  tooled 
sector.     It  is  best  suited  for  small  spans. 

II.  A  bridge  which  turns  about  a  vertical  axis  is  called  a 
ewing-hfidg^     Its  principal  parts  are  as  follows : — 

A  pier  of  masonry  or  iron,  supporting  a  circular  base-plate  of  a 
diameter  equal,  or  nearly  equal,  to  the  breadth  of  the  bridge.  That 
base-plate  has  a  pivot  in  the  centre,  and  a  circular  race  or  track  for 
roUers  round  the  circumference,  as  in  a  railway  turntable : 

A  roller  frame  turning  about  the  central  pivot,  with  a  set  of 
conical  rollers  resting  on  the  race : 

A  circular  revolving  platform  resting  on  the  pivot  and  rollers : 

A  toothed  arc  fixed  to  the  revolving  platform,  with  suitable 
wheel-work  for  giving  it  motion : 

A  set  of  parallel  girders,  resting  on  and  &stened  to  the  revolving 
platform,  of  the  strength  and  stiffness  required  by  the  principles 
already  stated,  and  supporting  a  roadway. 

The  ends  of  the  superstructure  are  bounded  by  arcs  of  circles, 
described  about  the  axis  of  motion,  and  the  ends  of  the  roadway  of 
the  approaches  must  be  formed  to  fit  them.* 

III.  A  rolling  bridge  has  a  strong  frame,  supported  by  wheels 
upon  a  line  of  rails,  and  having  an  overhanging  portion  sufficient 
to  span  the  water-way.  When  closed,  by  being  rolled  forward,  the 
rolling  frame  leaves  a  gap  between  its  platform  and  that  of  one  of 
the  approaches,  which  gap  is  filled  by  rolling  in  another  rolling 
frame  that  moves  sidewaya  The  latter  rolling  frame  is  rolled  out 
of  the  way  before  opening  the  bridge. 

IV.  A  lifting  bridge  is  hung  by  the  four  comers  to  four  chains^ 
which  pass  over  pullies,  and  have  counterpoiaes  at  their  oth^ 
ends. 

y.  A.  floating  vmng-hridge  rests  on  a  caisson  or  pontoon:  it 
is  opened  and  closed  by  means  of  chains  and  windlasses,  and,  when 
open,  lies  in  a  recess  in  the  side  of  the  canal  made  to  receive  it 
Ilie  pontoon,  being  made  of  sheet  iron,  is  so  designed  as  to  act  as  a 
tubular  girder  when  the  bridge  is  closed. 

506.  €«wil  iMMlu.— Figs.  290,  291,  and  292,  show  the  general 
arrangement  of  the  parts  of  a  canal  lock.  Fig.  290  is  a  longi- 
tudinal section,  fig.  291,  a  plan,  and  ^g,  292  a  cross-section,  look- 
ing upwards. 

*  For  an  example  of  a  swing-bridge  on  a  great  wale,  reference  may  be  made  to 
one  planned  by  Mr.  Hemans  and  conBtrocted  by  Messra.  Fairbairn,  whicb  carries  the 
Midland  Great  Western  Railway  of  Ireland  over  the  entrance  to  Lough  Ataiis. 
It  has  two  spans  of  60  feet  each,  and  is  balanced  on  a  central  pier  of  84  ftet 
diameter.    It  is  described  in  deUil  in  Mr.  Hnmber's  work  On  Iron  Bridget 
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A  is  the  lock-ehamAtT ;  a,  a,  ita  side  walls;  B,  its  floor,  or  luvort 


Fig.  291. 

Ita  clear  length  sLonId  be  at  least  equal  to  that  of  the  longest 
vessel  TOsed  on  the  canal,  including  the 
rudder;  ita  clear  breadth,  one  foot  more  than 
the  greatest  breadth  of  a  vessel ;  its  greateat 
depth  of  water  should  be  ^  1^  foot  + 
greatest  draught  of  a  vessel  +  lift  of  the 
lock.  Its  depth  from  the  cope  of  the  side 
waUs  to  the  bottom  may  be  about  2  feet 

The  side  walls  and  floor  are  recessed  to  P,,  2^2 

admit  of  the  opening  of  the  "  tail-gates." 

The  floor  is  level  with  the  bottom  of  the  lower  of  the  two  ponds 
to  be  connected. 

B  is  the  head-bay,  with  its  side  walls  and  floor,  which  are 
recessed  to  admit  of  the  opening  of  the  "  head-gatea."  The  ride- 
walla  end  in  curved  winga.  The  floor  is  level  with  the  bottom  of 
the  upper  pond. 

C,  the  tail  hay,  with  its  ride  walls  and  floor.  The  side  walls 
end  in  curved  wings;  the  floor  in  a,  dry  atone  pitching  or  apron. 

D,  the  liJi-Koil,  which  is  usually  built  like  a  horizontal  arch. 

F,  the  head-gates,  whose  lower  edges,  when  shut,  press  against 
the  head  mitn-gUl,  /. 
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G,  the  iaU-gcUes,  whose  lower  edges,  when  shut,  press  against  the 
tail  mitre-siU,  g. 

The  older  locks  are  filled  and  emptied  through  sluices  in  their 
head  and  tail-gates;  but  now  the  more  general  practice  is  to  use 
for  that  purpose  inlet  and  outlet  passages  with  slide-valves.  These 
passages  may  either  be  culverts  contained  in  the  thickness  of  the 
masonry,  or  iron  pipes  in  such  positions  as  those  marked  hyhyh,h. 

The  cylindrical  recesses  in  which  the  gates  are  hinged  are  called 
the  hollow  quoins. 

The  following  parts  of  a  lock  are  usually  of  ashlar : — The  quoins^ 
hollow  quoins,  cope,  recesses  for  the  gpates  (or  ''gate-chambers "), 
and  mitre-sills. 

The  mitre-sills  are  sometimes  faced  with  wood,  to  enable  them 
the  better  to  withstand  the  blows  which  they  receive  from  the 
gates,  and  to  make  a  tighter  joint 

The  floor  of  the  lock  is  sometimes  made  of  cast  iron.  (See 
Article  400,  p.  601.) 

The  gates  are  made  of  timber  or  of  iron,  and  each  of  them  con- 
sists of  the  following  principal  parts : — 

The  heel-post,  about  the  axis  of  which  the  gate  turns.  This  post  is 
cylindrical  on  the  side  next  the  hollow  quoins,  which  it  exactly 
fits  when  the  gate  is  shut.  It  is  advisable  to  make  it  slightly 
eccentric,  so  that  when  the  gate  is  opened,  it  may  cease  to  rub  on 
the  hollow  quoins.  At  its  lower  end  it  rests  on  a  pivot,  and  its 
upper  end  turns  in  a  circular  collar,  which  is  strongly  anchored 
back  to  the  masonry  of  the  side  walls : 

The  mitrerpostf  forming  the  outer  edge  of  the  frame  of  the  gate, 
which,  when  the  gate  is  shut,  abuts  against  and  makes  a  tight 
joint  with  the  mitre-post  of  the  opposite  leaf: 

The  cross-pieces,  which  extend  horizontally  between  the  heel- 
post  and  mitre-post : 

The  deading  or  covering,  which  may  consist  of  timber  planking 
or  iron  plates.  When  it  consists  of  planks,  they  run  either  verti- 
cally or  diagonally: 

The  duigonal  bracing,  which,  in  its  simplest  form,  may  consist 
either  of  a  timber  strut  extending  from  the  oottom  of  the  heel-post 
to  the  top  of  the  mitre-post,  or  of  an  iron  tie-bar  extending  &om 
the  top  of  the  heel-post  to  the  bottom  of  the  mitre-post. 

The  gates  shown  in  the  sketch  are  provided  with  balanee-hars, 
A  balance-bar  is  bolted  to  the  top  of  the  mitre-post,  slopes  slightly 
upwards,  and  crosses  over  the  top  of  the  heel-post,  which  is  mortised 
into  it,  and  has  a  long  and  heavy  overhanging  end,  which  acts  as 
a  counterpoise  to  bring  the  centre  of  gravity  of  the  gate  near  the 
heel-post,  and  as  a  lever  to  open  and  shut  it  by. 
Sometimes  the  balance-bar  is  dispensed  with,  and  each  gate  has 
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one  or  more  roUera  under  ita  lowest  cross-bar,  to  assist  the  pivot  in 
supporting  its  weight.  Each  of  those  rollers  rans  upon  a  quad- 
rantal  iron  rail  on  the  floor  of  the  gate-chamber.  This  mode  of 
coustraction  is  almost  always  adopted  in  large  and  heavy  gates 
that  require  chains  and  windlasses  to  open  and  shut  them. 

The  following  are  some  of  the  ordinary  dimensions  and  propor- 
tions of  locks,  in  addition  to  those  already  stated : — 

The  mitre-sills  rise  from  6  to  9  inches  above  the  floor : 

Yersed-sine  of  mitre-sill,  from  ^  to  ^  of  breadth  of  lock : 

Clearance  in  depth  of  the  recesses  for  the  gates,  ^  of  thickness 
of  gate  j  clearance  in  length,  j  of  length  of  gate : 

Least  thickness  of  t£e  side  walls  at  the  top,  about  4  feet 
Greatest  thickness  at  the  base,  fixed  according  to  the  principles 
of  the  stability  of  walls,  usually  from  -^  to  ^  of  the  height : 

Length  of  side  walls  of  head-bay  above  gate-chamber,  about  ^  of 
breadl£  of  lock: 

Large  oountetforte  opposite  hoUow  quoins  to  have  stabiUty 
enough  to  withstand  the  calculated  transverse  thrust  of  the  gates. 

The  longitudinal  thrust  of  the  head-gates  is  borne  by  the  side 
walls  of  the  lock-chamber;  that  of  the  tail-gates  by  the  side  walls 
of  the  tail-bay.  To  give  the  latter  walls  sufficient  stability,  the 
rule  is  to  make  their  length  as  follows :— > 

Breadth  of  lock  x  greatest  depth  of  water  -r  15  feet 

Versed-sine  of  Hft-wall,  from  1-1 2th  to  l-7th  of  breadth  of  lock. 

Floor  of  head-bay:  least  thickness,  from  10  inches  to  14  inches. 

Floor  of  lock-chamber:  versed-sine,  about  l-15th  of  breadth; 
thickness,  from  1-1 5th  to  l-3rd  of  breadth,  according  to  the  nature 
of  the  foundation. 

Foundations  of  various  kinds  have  been  sufliciently  explained 
It  has  only  to  be  added  that,  when  a  lock  is  Ibunded  on  a  timber 
platform,  longitudinal  pieces  of  timber  extending  along  the  whole 
length  of  the  foundation  are  to  be  avoided,  lest  they  guide  streams 
of  water  alons  their  sides;  that  transverse  trenches  under  the 
foundation,  filled  with  hydraulic  concrete,  are  a  good  means  of 
preventing  leakage;  and  that,  in  porous  soils,  the  whole  space 
behind  the  lift-wall  and  under  the  floor  of  the  head-bay  may  be 
filled  with  a  mass  of  concrete. 

Length  of  apron  fi'om  15  to  30  feet. 

The  dimensions  of  the  different  parts  of  the  gates  are  to  be 
computed  according  to  the  principles  of  the  strength  of  materials. 
It  appears  that  the  factor  of  safety  in  many  actual  lock-gates  is  as 
low  as  3  or  4.  This  can  only  be  sufficient  by  reason  of  the  perfect 
steadiness  of  the  load. 

507.  inciiHcd  PiABca  •■  Canab. — ^To  save  the  time  and  water 
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expended  in  sbifting  boats  from  one  level  to  another  hy  means  of 
locks,  inclined  planes  are  used  on  some  canals.  Their  general 
arrangement  is  as  follows: — The  upper  and  lower  reach  of  the 
canaly  at  the  places  which  are  to  be  connected  by  inclined  planes, 
are  deepened  sufficiently  to  admit  of  the  introduction  of  water- 
tight iron  caissons,  or  moveable  tanks,  under  the  boat&  Two 
parallel  lines  of  rails  start  from  the  bottom  of  the  lower  reach, 
ascend  an  inclined  plane  up  to  a  summit  a  little  above  the  water- 
level  of  the  upper  reach,  and  then  descend  down  a  short  inclined 
plane  to  the  bottom  of  the  upper  reacL  There  are  two  caissons, 
or  moveable  tanks  on  wheels,  each  holding  water  enough  to  float  a 
boat.  One  of  these  caissons  runs  on  each  line  of  rails;  and  they 
are  so  connected,  by  means  of  a  chain,  or  of  a  wire  rope,  running 
on  moveable  pullies,  that  when  one  descends  the  other  ascends. 
These  caissons  balance  each  other  at  all  times  when  both  are  on 
the  long  incline,  because  the  boats,  light  or  heavy,  which  they 
contain,  displace  exactly  their  own  weight  of  water.  There  is  a 
short  period  when  both  caissons  are  in  the  act  of  coming  out  of  the 
water,  one  at  the  upper  and  the  other  at  the  lower  reach,  when  the 
balance  is  not  maintained;  and,  in  order  to  supply  the  power 
required  at  that  time,  and  to  overcome  friction,  a  steam  engine 
drives  the  main  puUy,  as  in  the  case  of  fixed-engine  planes 
on  railways.* 

Boats  may  be  hauled  up  on  wheeled  cradles  without  using 
caissons;  but  this  requires  a  greater  expenditure  of  power.  Mr. 
Thomas  Grahame  has  proposed  a  method  of  performing  this  pro- 
cess which  would  enable  a  fixed  engine  to  be  dispensed  with  where 
steamboats  are  used.  It  consists  in  providing  each  steamer  with 
a  windlass,  driven  by  its  engine,  and  the  inclined  plane  simply 
with  a  rope,  whose  upper  end  is  made  fast  while  its  lower  end  is 
loose.  The  boat  is  floated  on  to  the  cradle  at  the  bottom  of  the 
plane;  the  loose  end  of  the  rope  is  laid  hold  of  and  attached  to 
the  windlass,  which,  being  driven  by  the  engine,  causes  the  boat 
to  haul  itself  up  the  inclined  plane. 

On  some  canals  vertical  lifts  with  caissons  are  used  instead  of 
inclined  planes.t 

508.  Wator  Brnpfflf  m€  OamkIs. — Canals  are  supplied  with  water 
from  gathering-gi'onnds,  springs,  rivers,  and  weUs,  by  the  aid  of 
reservoirs  and  conduits ;  and  their  supply  involves  the  same  ques- 
tions of  rain-fall,  demand,  compensation,  &a,  which  have  aJieadj 
been  treated  of  in  Chapter  II.  of  this  Part. 

*  For  a  descriptioa  of  an  loclined  plane  of  this  sort,  ussd  on  the  MonUand  Canal 
near  Glasgow,  see  the  Trantaciions  (fthe  Royal  ScotHik  Sodely  ^  ArU  for  1853. 

t  An  improved  system  of  apparatos  for  soch  lifts,  proposed  by  Mr.  George  Simpson, 
is  described  in  the  traniocUofu  qfike  InttUiOum  qfEttgween  in  ScoUcmdtor  1860-61. 
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The  demaind  for  water,  in  the  case  of  a  canal,  may  be  estimated 
as  follows : — 

I.  WaxiA  of  WcUer  by  leakage  of  the  channel,  repairs,  and 
eTaporation,  per  day  =  area  of  surfiMse  of  the  canal  x  ^  of  a 
foot,  nearly. 

IL  Current  from  the  higher  towards  the  lower  reaches,  pro- 
duced by  leakage  at  the  lock  gates,  per  day,  from  10,000  to  20,000 
cubic  feet,  in  ordinary  cases. 

IIL  Lockage,  or  expenditure  of  water  in  passing  boats  from  one 
level  to  another. 

Let  L  denote  a  lockftd  of  water;  that  is,  the  volume  contained 
in  the  lock-chamber,  between  the  upper  and  lower  water-levels. 

B,  the  volume  di^laoed  by  a  boat. 

Then  the  quantities  of  water  discharged  from  the  upper  pond, 
at  a  lock  or  a  flight  of  locks,  under  various  circumstances,  are 
shown  in  the  following  tables.  The  sign  —  prefixed  to  a  quantity 
of  water  denotes  that  it  is  displaced  from  the  lock  into  the  upper 
poncL 

SnOLB  Lock.                     Lode  Iband,         Water  dtaebarsed.   Lock  left, 
One  boat  descending empty, L  —  B>  emntr 

n  It  •••       lU", "~-  Dy 

One  boat  ascending empty  or  fall,...  L  +  B  fall. 

2  M  boati^  desoendmg  and)  deaoending  fall,\  r  f  desoendlng  empty, 

ascending  alternately,  j  ascending  empty/  \asGending  foU. 

Train  of  n  Mats  desoen^ng,  empty, n  L  —  n  B  \  _.„&▼ 

.>  »  ,»  fait («  — 1)L  — iiBJ"""*"v- 

Train  of  n  boats  ascending,  empty  or  fall,...  n  L  -h  »  B  toll. 
Two    trains,   each   of  u) 

boats,  the  first  deeoend- V  full, (2  n  —  1)  L  faJH 

ing,  the  second  ascending,} 

FtioBT  ov  M  Locks.               Locks Ibond,        Water  discbanred.  Loekslef^ 
One  boat  descending, empty, L  —  B>        -mntr 


♦»  »». 


One  boat  ascending, empty, mL  +  B^       aii 


»»  »» 


2  n  boat^  descending  and)      descending  fall, )  m  «  L  (descending  empty. 

ascending  alternately,  j      ascending  empty  |  ^  ascending  full. 

Train  of  11  W)at8  descending,     empty, fi  L  —  nB    )     «jj.qi.. 

Train  of  »  boats  ascending,     empty, (m+fi  —  1)  L +»  B  )  ^  » 

n  »i  M  ftJ^i »L  +  llB         J 

Two  trains,    each   of  h) 

boats,  the  first  descend- >•     foil, (m  +  2 1»  —  2)  L     fall. 

ing,  the  second  ascending,  J 

From  these  calculations  it  appears,  as  has  been  already  stated, 
that  single  locks  are  more  favourable  to  economy  of  water  than 
flights  of  locks;  that  at  a  single  lock  single  boats  ascending  and 
descending  alternately  cause  less  expenditure  of  water  than  equal 
numbers  of  boats  in  trains;  and  that,  on  the  other  hand,  at  a  flight 
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of  locks,  boats  in  trains  cause  less  expenditure  of  irater  than  equal 
numbers  of  boats  ascending  and  desoendiug  alternately. 

For  this  reason,  when  a  long  flight  of  locks  is  unavoidable,  it 
is  usual  to  make  it  double;  that  is,  to  have  two  similar  flights  side 
by  side — ^using  one  exclusively  for  ascending  boats  and  the  other 
exdusiyely  for  descending  boats. 

Water  may  be  saved  at  flights  of  locks  by  the  aid  of  side  pond* 
(sometimes  (»lled  ''  lateral  reservoirs**).  The  use  of  a  side  pond  is 
to  keep  for  future  use  a  certain  portion  of  the  water  discharged 
from  a  lock,  when  the  locks  below  it  in  the  flight  are  full,  which 
water  would  otherwise  be  wholly  discharged  into  tlie  lower  reach. 
Let  o  be  the  borisontal  area  of  a  lock-chamber,  A  that  of  its  side 
pond;  then  the  volume  of  water  so  saved  is — 

L  A  -r  (A  +  a). 

Section  IL— (y  River  Navigation. 

509.  An  Q^tm  Btw  is  one  in  which  the  water  is  left  to  take  a 
continuous  declivity,  being  uninterrupted  by  weirs.  On  the  sub- 
ject of  such  streams  little  has  here  to  be  added  to  what  has  already 
been  stated  in  articles  467  to  471,  pp.  707  to  7ia  The  towing- 
path  required,  if  horse  haulage  is  to  be  employed,  is  similar  to  that 
of  a  canal. 

The  efiect  of  the  current  of  the  stream  on  the  load  which  one 
horse  is  able  to  draw  against  it  at  a  walk  may  be  roughly  estimated 
as  follows: — 

-^ — )  ' 

V  being  the  velocity  of  the  current  in  feet  per  second. 

It  would  be  foreign  to  the  subject  of  this  work  to  discuss  the 
principles  of  the  propulsion  of  vessels  by  steam  and  sails. 

510.  A  ^^— ii**^  Hirer  is  one  in  which  a  series  of  ponds  or 
reaches,  with  a  greater  depth  of  water  and  a  slower  current  than 
the  river  iu  its  natural  state,  have  been  produced  by  means  of 
weirs.  The  construction  and  eflect  of  weirs  have  been  explained 
in  Article  472,  p.  713,  and  the  previous  articles  there  referred  to. 

Each  weir  on  a  navigable  river  requires  to  be  traversed  by  a 
lock  for  the  passage  of  vessels,  the  most  convenient  place  for  which 
is  usually  near  one  end  of  the  weir,  next  the  bank  where  the 
towing-path  is.  lUver  locks  differ  from  canal  locks  in  having  no 
lift-wall,  so  that  the  head-gates  and  tail-gates  are  of  equal  height 

511.  H«rMM0  BH4BM  •v«r  Rirwi  are  identical  in  principle 
with  those  over  canals,  and  difler  from  them  only  in  being  of 
greater  size.  Examples  of  them  have  already  been  dted  in 
Article  505,  p.  706. 
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CHAPTER  IV. 

OF  TIDAL  AND  COAST  W0BX8, 

Sectiok  T. — Of  Waves  and  Tides, 

512,  ]ll«tl«it  •f  owiiMivT  Wavwfc — ^The  following  description  of 
waye-motion  in  water  is  founded  chiefly  on  the  theoretical  investi- 
gations of  Mr.  Airy,  confirmed  by  the  observations  of  the  Messrs. 
Weber  and  of  Mr.  Scott  Russell,  with  a  few  additions  founded  on 
later  researches. 

Ordinary  waves  in  water  are  propagated  horizontally;  the  motion 
of  each  particle  takes  place  in  a  vertical  plane,  parallel  to  the 
direction  of  propagation; 
the  path  or  orbit  described 
by  each  particle  is  approxi- 
mately elliptic  (see  fig. 
293),  and  in  water  of  uni- 
form depth  the  longer  axis 
of  the  elliptic  orbit  is  hori- 
zontal, and  the  shorter 
vertical;  the  centre  of  that 
orbit  lies  a  little  above  the 
position  that  the  particle 
occupies  when  the  water  is  undisturbed ;  when  at  the  top  of  its 
orbit,  the  particle  moves  forwcvrds  as  regards  the  direction  of  pro- 
pagation: when  at  the  bottom,  backwards,  as  shown  by  the 
^fvred  arrows  in  fig.  293,  in  which  the  st^^^^ht  feathered  know 
denotes  the  direction  of  proj^gation. 

The  particles  at  the  surface  of  the  water  describe  the  largest 
orbits ;  the  extent  of  the  motion,  both  horizontally  and  vertically, 
diminishes  as  the  depth  below  the  surface  increases ;  but  that  of  the 
vertical  motion  moi'e  rapidly  than  tliat  of  the  horizontal  motion,  so 
that  the  deeper  a  particle  is  situated  the  more  flattened  is  its  orbit, 
as  indicated  at  A,  B,  and  C;  a  particle  in  contact  with  the  bottom 
moves  backwards  and  forwards  in  a  horizontal  straight  line,  as  at  D. 

In  water  that  is  deep,  as  compared  with  the  length  of  a  wave  (or 
distance  between  two  successive  ridges  on  the  surface  of  the  water), 
the  orbits  of  the  particles  are  nearly  circular,  and  the  motion  at 
great  depths  is  insensible. 

3o 
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The  period  of  a  wave  is  the  time  occupied  by  each  particle  in 
makiDg  oDe  revolution,  and  is  also  the  time  occupied  by  a  ^vave  in 
travelling  a  distance  equal  to  its  length.  Hence  we  hiBive  the  fol- 
lowing proportion : — 

mean  speed  of  a  particle  _  eircumferenoe  of  particle's  orbit 
speed  of  the  waves     -^  length  of  a  wave 

The  speed  of  the  waves  depends  principally  on  their  length  and  on 
the  depth  of  water,  being  greatest  for  long  waves  and  deep  water. 
When  the  depth  of  water  is  greater  than  the  length  of  a  wave  the 
speed  is  not  sensibly  affected  by  the  depth,  and  is  almost  exactly 
ec{\ial  to  the  velocity  acquired  by  a  body  in  idling  through  half  of 
the  radius  qfa  cirde  whose  circurnference  is  the  length  of  a  waxx. 
In  water  that  is  veiy  shaUow,  compared  with  the  length  of  the 
waves,  the  velocity  is  nearly  independent  of  the  length,  and  is 
nearly  equal  to  that  acquired  by  a  heavy  body  in  falling  through 
half  the  depth  qftlie  water  added  to  Ihree-fourQkA  of  the  height  of  a 
wave. 

Two  or  more  different  series  of  waves  moving  in  the  same,  differ- 
ent, and  contrary  directions,  with  equal  or  unequal  speeds,  may 
travei^se  the  Same  mass  of  water  at  the  same  time,  and  the  motion 
of  each  particle  of  water  will  be  the  resultant  of  the  respective 
motions  which  the  several  series  of  waves  would  have  impressed 
upon  it  had  they  acted  separately.  This  is  called  the  interfsrethce 
of  waves. 

When  a  series  of  waves  advances  into  water  gradually  becoming 
shallower,  their  periods  remain  unchauged,  but  their  speedy  and 
consequently  their  length,  diminishes,  and  their  slopes  become 
steeper.     The  orbits  of  the  particles  of  water  become  distorted,  as 
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at  B,  C,  D,  fig.  294,  in  such  a  manner  that  the  front  of  each  wave 
gradually  becomes  steeper  than  the  back;  the  crest,  as* it  were, 
advancing  faster  than  the  trough.  At  length  the  front  of  the 
wave  curls  over  beyond  the  vertical,  its  crest  £Gdls  forward,  and  it 
breaks  into  surf  on  the  beach. 

As  the  energy  of  the  motion  of  a  given  wave  which  advances 
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Fig.  295. 


into  shallowing  water,  or  up  a  narrowing  inlet^  is  snccessivelj  com- 
mnnicated  to  smaller  and  smaller  masses  of  water,  there  is  a 
tendency  to  throw  those  masses  into  more  and  more  violent  agita- 
tion :  that  tendency  may  either  take  effect,  or  it  may  be  counter- 
acted, or  more  than  counteracted,  by  the  loss  of  energy  which  takes 
place  through  the  production  of  eddies  and  surge  at  sudden  changes 
of  depth,  and  through  friction  on  the  bottom. 

When  waves  roll  straight  against  a  vertical  waU,  as  in  ^g.  295, 
they  are  reflected,  and  the  particles  of  water  for  a  certain  distance 
in  front  of  the  wall  have  motions  compounded  of  those  due  to  the 
direct  and  to  the  reflected  waves. 
The  results  are  of  the  following 
kind : — ^The  particles  in  contact  with 
the  wall,  as  at  A,  move  up  and  down 
through  a  height  equal  to  double  the 
original  height  of  the  waves,  and  so 
also  do  those  at  half  a  wave  length 
from  the  wall,  as  at  0;  the  particles 
at  a  quarter  of  a  wave  length  from 
the  wall,  as  at  B,  move  backwards  and  forwards  horizontally,  and 
intermediate  particles  oscillate  in  lines  inclined  at  various  angles. 

In  order  that  a  surface  may  reflect  the  waves,  it  is  not  essential 
that  it  should  be  exactly  vertical ;  according  to  Mr.  Scott  Bussell, 
it  will  do  so  even  with  a  batter  of  45°. 

A  vertical  or  steep  surface  which  is  wholly  covered  by  the  water 
reflects  the  wave-motion  of  those  layers  of  water  which  lie  below 
its  level,  and  thus  a  sunken  rock  or  breakwater,  even  though 
covered  with  water  to  a  considerable  depth,  causes  the  sea  to  break 
over  it^  and  so  diminishes  the  energy  of  the  advancing  waves. 

The  greatest  length  of  wav^  in  the  ocean  is  estimated  at  about 
500  feet,  which  corresponds  to  a  speed  of  about  50  feet  per  second, 
and  a  period  of  about  ten  seconds.  Their  greatest  height  is  given  by 
Sooresby  as  about  30  feet,  and  this,  with  the  period  just  stated, 
gives  10  feet  per  second  as  the  velocity  of  revolution  of  the  particles 
of  water. 

In  smaller  seas  the  waves  are  both-  lower  and  shorter,  and  less 
swift ;  and,  according  to  Mr.  Scott  Russell,  waves  in  an  expanse  of 
shallow  water  of  nearly  xmiform  depth  never  exceed  in  height  the 
undisturbed  depth  of  the  water.  But  the  concentration  of  energy 
upon  jsmall  masses  of  water,  which  occurs  on  shelving  coasts  in  the 
manner  already  stated,  produces  waves  of  heights  greatly  exceed- 
ing those  which  occur  in  water  of  uniform  depth,  as  the  following 
examples  show. 

Pressures  of  waves  against  a  vertical  surface,  at  Skenyvore,  as 
observed  by  Mr.  Thomas  Stevenson : — 
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SamiBflr  Wintor  fitonniL 
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In  lbs.  per  square  foot^  6ii  2086  6083 

In  feet  of  water, 9*8  33  97 

Greatest  height  of  breakers  on  the  south-west  coast  of  Ireland, 
as  observed  by  the  Earl  of  Dunraven,  150  feet. 

Recent  investigations  tend  towards  the  conclusion,  which  is  in 
accordance  with  observation,  that  every  wave  is  more  or  less  a 
<*  wave  of  translation,"  setting  down  each  particle  of  water,  or  of 
matter  suspended  in  water,  a  little  in  advance  of  where  it  picked 
that  particle  up,  and  thus  by  degrees  producing  that  heaping  up 
of  water  which  gathers  on  a  lee  shore  during  a  storm.  This 
property  of  waves  accounts  for  the  facts,  that  although  they 
tend  to  undermine  and  demolish  steep  clifis,  they  heap  up  sand, 
gravel,  shingle,  or  such  materials  as  they  are  able  to  sweep 
along,  upon  every  flat  or  sloping  beach  against  which  they  directly 
roll;  that  they  carry  such  materials  into  bays  and  estuaries ;  and 
that  when  they  advance  obliquely  along  the  coast  they  make  the 
materials  of  the  beach  travel  along  the  coast  in  the  same  direction. 

513.  tMm  ta  o«M«niL — The  general  motion  of  the  tides  consists 
in  an  alternate  vertical  rise  and  fall,  and  horizontal  ebb  and  flow, 
occupying  an  average  period  of  half  a  lunar  day,  or  about  12'4  hours, 
and  transmitted  from  place  to  place  in  the  seas  like  a  series  of  very 
long  and  swift  waves,  in  which  the  extent  of  the  horizontal  motion 
is  very  much  greater  than  that  of  the  vertical  motion.  The  extent 
of  motion,  both  vertical  and  horizontal,  undergoes  variations  be- 
tween spring  and  neap,  whose  period  is  half  a  lunation,  and  other 
variations  whose  periods  are  a  whole  lunation  and  half-a-year. 
The  propagation  of  the  tide- waves  is  both  retarded  and  deflected 
in  gradually  shallowing  water,  the  crests  of  the  waves  having  a 
tendency  to  become  parallel  to  the  line  of  coast  which  they  are 
approaching. 

Tides  in  narrow  seas,  and  in  the  neighbourhood  of  land  generally, 
are  modified  by  the  interference  of  different  series  of  waves  arriving 
by  different  routes,  so  as  sometimes  to  present  very  complex  pheno- 
mena. (See  Mr.  Airy's  treatise  "  On  Tides  and  Waves,"  in  the 
Encydopcedia  Metropohtana.)  In  the  following  examples  simple 
cases  only  are  described. 

514.  Tidml  WmrM  ia  a  Clcnv  mnd  "Deep  ChmaBcl  are  analogous  to 

ordinary  waves,  as  represented  in  ^g,  293,  p.  753 ;  but  with  the 
modification  that,  owing  to  the  enormous  length  of  the  waves  as 
compared  with  the  depth  of  the  sea,  the  extent  of  horizontal  motion 
is  nearly  equal  at  all  depths,  and  the  extent  of  vertical  motion  in 
any  layer  is  neaily  in  the  simple  proportion  of  its  height  above 
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tbe  bottom*     The  orbit  of  each  particle  is  a  very  long  and  flat 
ellipse. 

•Supposing  snch  a  channel  as  that  here  considered  to  have  a  beach 
of  moderately  steep  slope  at  one  side,  the  depth  being  elsewhere 
uniform,  the  particles  near  that  beach  move  in  ellipses  situated  in 
planes  inclined  so  as  to  be  nearly  parallel  to  the  beach,  as  repre- 
sented in  plan  in.iigs.  296  and  297.     In  each  of  these  figures  the 
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beach  is  supposed  to  be  towards  the  top  of  the  page;  in  fig.  296 
it  lies  to  the  right  hand  of  the  direction  of  advance  of  the  tide  wave 
(represented  by  the  feathered  arrow);  in  fig.  297,  to  the  left  of 
that  direction.  The  following  are  the  motions  of  a  particle  at  dif- 
ferent times  of  the  tide: — 

Lunar  Time  Bcferenoe 

Honrs  after  eoninionly  Carrent  to  the 

High-water.  called.  Figurea 

o    High-water, Forward, A 

l4  Quarter  Ebb, Forward  and  Seaward, B 

3     Half  Ebb, Seaward, C 

4i  Three-qaarteiB  Ebb, Backward  and  Seaward, D 

6    I^w-water, Backward, E 

74  Quarter  Blood, Backward  and  Shorewaid, F 

9    HalfFkxxl, Shoreward, G 

io4  Three-quarters  Flood, Forward  and  Shoreward, H 

12    High-water, Forward, A 

515.  The  TMe  !■  n  8h«rt  lalei,  or  in  any  bay,  gulf,  or  estuary  of 
such  dimensions  and  figure  that  high  and  low-water  occur  in  all 
parts  of  it  sensibly  at  the  same  instant,  is  somewhat  analogous  to  a 
wave  rising  and  falling  against  a  steep  wall  (6g.  295,  p.  755),  or 
to  the  emptying  and  filling  of  a  reservoir.  Each  particle  of  water 
moves  alternately  outwards  and  inwards  during  the  fall  and  rise  of 
the  tide  respectively;  and  the  current  is  swifter  and  stronger 
when  the  depth  of  water  is  greater,  that  is,  during  tlie  second  ludf 
of  flood  and  1^  first  haHfof  dh. 

Supposing  that  the  entrance  to  such  an  inlet  runs  at  right  angles 
to  the  line  of  coast  described  in  the  preceding  article,  the  combina- 
tion of  the  tidal  currents  of  the  inlet  with  those  of  the  offiug,  or 
sea  outside^  produces  the  results,  as  regards  the  cuiTents  at  the 
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entrance,  indicated  bj  the  arrows  marked  h,  c,  dy/^gyK,  in  figs. 
296  and  297  (whose  lengths  denote  the  strength  of  the  canent), 
and  explained  in  the  following  table,  in  which  outward  and 
inward  refer  to  the  entrance  of  the  inlet^  and  /oruxtrds  and  back- 
tDards  to  the  directions  of  currents  as  compared  with  that  of  the 
flood-current  along  the  coast : — 

,__,_Urt«i«  Time  Beferene© 

MftiJHii'hJSir  ownmonly.  Cnrrtot  to  the 

•llcrHlffh- water.  called  R«uita 


Firathtir 
ol  Eblk 


{  o    High-water,.. 0  (Slftck-wftter), ^...  — 

<  1 4  Qaarter  Ebb, Outward,  taniiog  forward......     ^|ca-._^ 

(  3     Half  Ebb, Outward cl  ^'™°S- 

Second  half  f  44  Three-quarters  Ebb,  Outward,  turning  backward,.,    d    Weak. 


of  Ebb.     \6    Low-water, 0  (Slack-water), 

First  half    J   74  Quarter  Flood, Backward,  turning  inward,....    /    Weak. 

of  Flood,     "l  9    Half  Flood, Inward, g  9  ^^^^ 

lecond  half  JioJ  Three-qnarten  Flood  Forward,  turning  inward, 1  j  oirong. 

of  Flood.    ti2    High-water, 0  (Slack-water), — 


The  letter  J  in  each  figure  marks  the  up-stream  comer  of  the 
entrance  as  regards  the  flood-current  along  the  coast. 

The  volume  of  toater  which  flows  alternately  in  and  out  at  the 
entrance  of  a  short  inlet  is  nearly  equal  to  the  space  between  the 
suHaces  of  high  and  low-water,  as  ascertained  by  leyelling  and 
tide-gauges.  The  mean  velocity  of  the  current  through  the  entrance 
is  nearly  equal  to  that  volume  divided  by  the  mean  sectional  area 
of  the  entrance,  and  by  the  time  of  rise  or  fall ;  and  the  greatest 
velocity  is  nearly  equal  to  1  *57  x  mean  velocity.  It  is  best  to  use 
such  calculations,  only  for  the  purpose  of  computing  the  probable 
efi*ect  of  alterations.  The  velocities  of  actual  currents  should  be 
found  by  observation. 

516.  The  Tidm  ia  TLmm^  I«lcis  are  compounded  of  a  simple 
emptying  and  filling  current  like  that  in  a  short  inlet,  and  a  series 
of  branch  tidal  waves,  propagated  iip  the  channel  from  the  waves 
of  the  offing.  In  river-channels  the  alternate  currents  due  to  the 
tides  are  combined  with  the  downward  current  due  to  the  flow  of 
fresh  water. 

The  tidal  wave  which  is  propagated  up  a  long  inlet  or  river- 
channel  is  analogous  to  those  represented  as  advancing  into  shallow 
water  in  l^g.  294,  p.  754.  It  diminishes  in  length  and  increases  in 
height  until  it  reaches  a  limit  where  its  further  increase  in  height  is 
stopped  by  friction.  Its  front  becomes  shorter  and  steeper,  and  its 
back  longer  and  flatter;  in  other  words,  the  rise  of  tide  occupies  a 
shorter  time,  and  the  fall  a  longer  time,  as  the  wave  advances  np 
the  channel.  When  a  high  tidal  wave  advances  into  very  shallow 
water,  its  front  sometimes  shortens  and  steepens,  until  at  length  it 
curls  over,  like  the  breaker  D  in  ^g.  294,  and  continues  to  advance 
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rolling  and  breaking  into  mirf,  followed  bj  a  veiy  long  flat  back* 
The  tidal  wave  is  then  called  a  **  bore,"  The  back  of  the  wave 
sometimes  breaks  up  into  two  or  three  smaller  waves,  and  then  the 
&11  of  the  tide  is  interrupted  by  sliort  intervals  of  rise. 

To  estimate  by  calculation  the  velocity  of  the  flood  and  ebb- 
corrents  at  a  given  cross-section  of  a  river-chanuel  or  other  long 
inlety  two  longitudinal  sections  of  the  surface  of  the  water  must  be 
prepared  from  two  sets  of  simultaneous  tide-gauge  observations, 
made  at  a  series  of  stations  along  the  channel  and  above  that 
croes-section,  at  the  two  instants  of  slach-uxUer  at  the  given  cross- 
section  respectively.  The  volume  contained  between  the  two  sur- 
faces thus  determined  will  be  the  volume  of  tidal  water  which  runs 
in  and  out  through  the  given  crosa-section ;  and  this,  being  divided 
by  the  duration  of  flood  and  ebb  respectivel/,  and  by  the  area,  will 
give  the  probable  mean  velocities  of  the  currents,  which,  being 
multiplied  by  1  *57,  will  give,  approximately,  the  probable  maximum 
velocities.  The  velocity  due  to  the  fr^-water  stream,  if  any, 
is  to  be  subtracted  from  the  flood  and  added  to  the  ebb.  (See  the 
remark  at  the  end  of  the  preceding  articla) 

The  tidal  waves  in  rivers  are  propagated  up  the  declivity  of  the 
stream,  which  they  often  afiect  at  points  above  the  level  of  high 
water  in  the  sea. 

517.  AtUmmm  •€  TMtes  •«  Cmmmm  aBd  OImuib«I* — The  flowing 
tide  augments,  and  the  ebbing  tide  diminishes,  the  speed  and 
force  of  storm  waves;  and  hence  the  observed  £act,  that  the  most 
powerful  action  of  such  waves  on  the  coast  occurs  at  half-flood, 
when  the  shoreward  current  is  strongest.  The  tidal  currents 
sweep  along  with  them  silt  or  mud,  sand,  gravel,  and  other 
materials,  according  to  the  laws  already  stated  with  reference  to 
river  currents  (Article  468,  p.  708);  hence  the  ebbing  tide  tends  to 
scour  and  deepen  inlets,  and  the  flowing  tide  to  silt  them  up. 
From  what  lias  been  explained  in  the  preceding  article,  it 
appears  that  in  shallow  water  there  is  a  tendency  for  the  flow- 
ing tide  to  become  more  rapid,  and  therefore  stronger  in  its  action, 
than  the  ebbing  tide,  unless  opposed  by  a  sufficiently  strong 
fresh- water  cun-ent;  and  hence  the  prevailipg  tendency  of  the  tides, 
like  that  of  the  waves,  is  to  choke  and  fill  up  estuaries,  river- 
channels,  and  other  inlets,  especially  such  as  are  already  shallow. 

A  strong  fresh- water  current  may  maintain  a  deep  channel 
against  this  action  of  the  sea,  so  far  as  it  is  limited  in  breadth; 
but  where  that  current  esca])es  into  the  open  sea,  and  is  either 
enfeebled  by  spreading  laterally,  or  has  its  action  on  the  bottom 
prevented  by  floating  on  the  salt  water^  a  bar  is  formed  by  the 
action  of  the  waves  and  tides. 

One  of  the  chief  objects  of  harbour  engineering  is  so  to  Qianag9 
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and  modify  the  action  of  t-he  tidal  curr^its  that  the  ebb  shall 
become  stronger  than  the  flood,  and  shall  scour  deep  channels  and 
remove  barSb 

Section  II. — Of  Sea.  Defetieea. 

518.  Gwmimm,  running  out  at  right  angles  to  the  coast,  are  con- 
structed in  the  same  manner  with  groins  for  river-banks,  but 
more  strongly.  (Article  469,  p.  711.)  Thejnotonlj  interrupt  the 
travdling  of  the  materials  of  the  beach  along  the  shore  under  the 
influence  of  oblique  waves  and  of  the  flowing  tide,  but  thej  also 
cause  a  permanent  deposit  of  such  materials,  and,  if  gradually 
extended  seaward  in  shallow  water,  produce  a  gain  of  ground  from 
the  sea.  After  the  spaces  between  the  groins  have  been  filled  np^ 
the  travelling  of  shingle  goes  on  past  their  ends  as  before. 

Groins  ara  amongst  the  most  eflicient  means  of  protecting  dykes, 
difls,  and  sea-walls,  against  the  undermining  action  of  the  sea. 

519.  An  KaithcM  Ofhe  has  usually  a  long  flat  slope  towards  the 
sea,  its  inclination  ranging  from  that  of  3  to  1  to  that  of  12  to  1. 
The  top  is  level,  and  usually  has  a  roadway  upon  it :  its  average 
usual  height  above  high- water-mark  of  spring  tides,  is  about  6 
feet;  it  should,  if  possible,  be  above  the  reach  of  the  waves.  The 
back  slope  has  an  inclination  ranging  from  that  of  1^  to  I  to  that  of 
3  to  1.  Behind  the  dyke  is  a  back  drain,  or  ditch,  for  the  drainage 
of  the  land,  constructed  on  the  same  principles  with  the  back  drains 
mentioned  in  Article  483,  p.  727,  and  Article  484,  p.  728. 

In  the  heart  of  the  dyke  is  a  rectangular  wall  of  fascines,  con- 
structed like  the  fascine- work  of  a  river- bank.  (Article  469,  p.  710.) 
The  fascines  may  be  made  of  willow  twigs  or  of  reeds.  The  sea- 
ward slope  is  faced  with  fascines.  If  the  top  is  above  the  reach  of 
the  waves  the  back  slope  may  be  turfed  \  if  waves  sometimes  break 
over  it,  the  top  and  back  require  stone  pitching. 

520.  stvae  Balwarka  withstand  the  waves  best  when  either  very 
flat  or  very  steep.  They  are  of  two  principal  kinds — ^those  with  a 
long  slope,  on  which  the  waves  break,  as  in  fig.  294,  p  754,  and 
those  with  a  steep  face,  which  reflect  the  waves  as  in  fig.  295, 
p.  755. 

I.  Long-doping  Bidwa/rks  have  an  inclination  which  ranges  from 
3  to  1  to  10  to  1.  They  are  made  internally  of  earth  and  gravel, 
or  of  loose  stones,  according  to  the  situation,  and  are  faced  with 
blocks,  each  of  which  should  be  able  to  withstand  independently 
the  lifting  action  of  the  waves.  As  to  this,  see  Article  412,  p.  618. 
The  foot  or  "  toe"  of  the  slope  may  be  slightly  turned  up,  like  that 
of  a  weir,  to  prevent  the  undermining  action  of  the  returning 
current,  or  "undertow"  from  the  breakers.  (See  Article  47£ 
p.  713.) 
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To  preyent  breakers  or  spray  from  gliding  ap  to  the  top  of  the 
slope,  and  dashing  over  the  summit  of  the  bulwark,  the  top  of  the 
slope  is  sometimes  curved  upwards,  so  as  to  present  a  concave  face 
to  the  waves ;  but  this  is  sometimes  liable  to  be  knocked  down  by 
the  shocks  which  it  receives;  and  in  that  case  it  is  best  to  carry  up 
the  slope  in  one  plane,  with  a  level  berm  or  bench  at  the  top  of  it, 
paved  with  large  blocks,  and  on  that  berm  to  erect  a  strong  parapet, 
set  so  far  back  that  its  cope  is  below  the  plane  of  the  slope.  A 
series  of  level  berms,  alternating  with  slopes  of  3  to  1  of  the  same 
length  with  the  berms,  or  thereabouts,  are  very  effective  in  bi*eak- 
ing  the  waves  and  exhausting  their  energy;  the  blocks  at  the 
ediges  of  the  berms  must  be  larger  than  the  rest. 

The  largest  blocks  in  the  ^ing  of  the  slope  should  be  at  and 
near  half-tide  level,  because  the  waves  are  largest  at  half-flood. 

When  a  sloping  bulwark  stands  in  deep  water,  the  part  below 
low-water-mark  may  have  a  steeper  slope  than  that  above,  as 
being  less  violently  acted  upon  by  the  waves :  for  example,  from 
2  to  1  to  3  to  1  below  low- water-mark,  and  10  to  1  above.  The 
waves  will  partially  break  and  lose  their  energy  in  passing  over  the 
place  where  the  inclination  change& 

IL  A  Steep-faced  Bvlvxirk  or  Sea-WaU  should  be  proportioned 
like  a  reservoir  wall.  (See  Article  465,  p.  707.)  As  to  the  manner 
in  which  it  reflects  the  waves,  see  Article  512,  p.  755.  Its  cope 
should  either  rise  above  the  crests  of  the  higher  waves,  augmented 
as  they  are  in  height  by  the  reflection,  or,  should  that  be  impracti- 
cable, that  cope  should  be  made  of  stones,  each  large  enough  to 
i-esist  being  lifted  by  the  pressure  due  to  the  greatest  height  of  a 
wave  above  its  bed,  and  dowelled  to  the  adjoining  cope-stones. 
The  front  edge  of  the  cope  may  project  and  form  a  rounded  co^ice 
to  throw  the  ci*ests  of  the  waves  back  The  remainder  of  the  wall 
may  have  a  hammer-dressed  ashlar  or  a  block-in-course  face,  backed 
with  coursed  rubble  or  with  strong  concrete,  the  whole  built  in 
strong  hydraulic  mortar,  and  the  outer  edges  of  the  joints  laid  in 
cement  (Article  248,  p.  389.)  The  chief  danger  to  the  face  of  such 
a  wall  is  that  the  water  should  penetrate  the  joints,  and,  by  its 
pressure  and  elasticity,  cause  stones  to  jump  out  after  receiving  the 
blow  of  a  wave. 

The  undei-mining  action  of  the  waves  on  the  ground  at  the  foot 
of  a  steep  wall  is  very  severe,  and  should  be  resisted  by  a  level  stone 
pitching,  (which  should  have  no  bond  or  connection  with  the  wall) 
and  by  a  series  of  groins.  The  undermining  action  may  be  somewhat 
moderated  by  forming  the  face  of  the  wall  into  steps,  so  as  to  in- 
terrupt the  vertical  descent  of  the  water.  Stones  lifted  out  of  a  level 
pitching  by  the  waves  fall  down  into  or  near  their  original  sites, 
provided  there  are  groins  to  prevent  them  from  travelling  side- 
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ways.     Those  lifted  out  of  a  sloping  pitching  roll  to  the  foot  of  the 
slope. 

When  there  is  an  earthen  embankment  behind  sach  a  vaU,  it 
should  have  a  retaining  wall  at  the  landward  side  also,  to  prevent 
the  earth  from  being  washed  away  by  water  which  may  ooUect  on 
the  top. 

IIL  Combined  Wall, — As  the  expense  of  erecting  a  steep  or 
vertical  wall  in  deep  water  is  reiy  great,  it  is  sometimes  comfaaned 
in  such  situations  with  a  long  slope,  in  the  following  manner : — 
From  the  bottom  up  to  near  low- water-mark  extends  a  slope  of 
2  to  1  or  3  to  1,  terminating  in  a  long  level  or  nearly  level  benn 
or  *'/ore8?iore ;"  and  on  that  berm,  as  on  a  beach  in  shallow  water, 
is  built  a  steep  wall,  at  a  distance  back  from  the  edge  of  the 
slope  equal  to  twice  or  thrice  the  length  of  the  slope. 

521.  A  BrMOKWBtcr,  being  placed  so  as  to  defend  a  harbour  or 
roadstead  from  the  waves,  differs  from  a  bulwark  by  having  sea 
at  both  sides  of  it.  The  site  of  a  breakwater  should  be  so 
chosen  as  to  present  a  barrier  to  the  waves  of  the  prevailing 
storms,  and  especially  to  those  which  come  along  with  the  flood- 
current.  It  may  be  isolated,  and  in  the  midst  of  the  entrance 
of  a  bay,  as  at  Plymouth  and  Cherbourg,  or  it  may  run  out 
from  the  shore  into  deep  water.  In  the  latter  case,  the  best 
position  for  the  junction  of  a  single  breakwater  with  the  land 
is  in  general  at  the  np-stream  comer  of  the  entrance  to  the  inlet  or 
harbour  (see  Article  515,  p  758),  for  in  that  position  it  opposes  the 
strongest  flood-current,  and  does  not  interfere  with  the  strongest 
ebb-current.  The  principles  of  the  construction  of  the  front  of  a 
breakwater  ate  the  same  with  those  described  in  the  preceding 
article  with  reference  to  bulwarks  in  deep  water.  The  back  of 
a  vei-tical-fronted  breakwater  is  usually  vertical  also;  that  of  a 
sloping  or  combined  breakwater,  if  intended  to  be  used  as  a  quay, 
is  vertical ;  in  other  cases  it  diflers  from  the  front  only  in  having  a 
steeper  slope  (from  Itoltol^tol)  and  being  faced  with  smaller 
blocks.  As  to  embanking  and  building  under  water,  see  Article 
412,  p.  617.  When  a  stage  supported  on  screw  piles  is  used  to  tip 
the  stones  from,  those  piles  remain  imbedded  in  the  breakwater. 
Their  diameter  should  be  about  ^th  of  their  height,  so  that, 
in  very  deep  water,  they  may  require  to  be  built  of  several  balks  of 
timber  hoo|>ed  together,  as  at  Portland 

Fig.  298  is  a  section  of  the  Cherbourg  breakwater,  which  com- 
bines the  long  slope  and  vertical  face.  The  base  A  F  is  about  300 
feet;  the  slope  ABis2itol;  BCisSJtol;  EF,  Itol;  CD 
is  a  nearly  level  platform,  on  which  stands  the  wall  G,  36  feet 
thick  at  its  base.  Ordinary  spring  tides  rise  19  feet,  the  depth 
at' low- water  being  40  feeti 
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Fig.  299^  a  section  of  the  Plymouth  breakwater,  illustrates  the 


Fig.  298. 

principle  of  alternate  slopes  and  berms.     ABis3tol,  BC  leveL 
C  D  5  to  1,  D  E  level,  E  F  IJ  to  1. 


Fig.  299. 

(As  to  breakwaters,  and  sea  defences  generally,  may  be  consulted 
the  works  of  Smeaton  and  Telford,  Sir  John  Eennie*s  works  On  the 
Plymouth  BreakwcUer  and  On  HarhourSy  the  Proceedings  of  the 
InalitiUion  of  Civil  Engineers  since  the  commencement,  and  Mr. 
Bumell*s  Treatise  on  Marine  Engineering.)    (See  also  p.  xvi.) 

522.  BeclciMiBg  fjBBd. — The  process  of  reclaiming  or  gaining 
land  from  the  sea  is  to  be  undertaken  with  great  caution,  especially 
in  liver-channels  and  estuaries,  lest  it  should  diminish  the  tidal 
scour,  and  so  cause  the  silting  up  of  channels  and  harbours;  and, 
in  particular,  care  should  be  taken  that  the  space  for  tidal  water 
which  is  to  be  lost  through  the  reclaiming  of  the  land,  is  exactly 
made  up  for  by  deepening  or  otherwise  improving  other  parts  of 
the  estuary  or  channel  In  every  instance  in  which  that  pre- 
caution has  been  neglected,  the  damag*  and  in  some  cases  the 
ruin,  of  the  harbour  has  followed.  (See  Reports  of  the  Tidal  Har- 
hours  Commission.) 

The  first  operation  in  reclaiming  land  is  usually  to  raise  its  level 
as  much  as  possible  by  toarping,  or  deposition  of  sediment  from 
the  tidal  water;  with  a  view  to  which  the  land  to  be  reclaimed  is 
intersected  by  a  network  of  transverse  wattled  groins,  and  of  longi- 
tudinal dykes  of  the  same  construction. 

The  ground  having  been  raised  as  far  as  practicable  by  warping, 
is  enclosed  with  sea-dykes,  and  drained  in  the  manner  described 
in  Article  484,  p.  727. 

Section  IIL — 0/  Tidal  Channels  and  Harbours, 

523.  The  lHipr«v«meat  •€  Ttdmt  BJtmw  au4  BmariM  depends 
mainly  on  the  strengthening  of  the  ebbing  current,  as  stated  in 
Article  517,  p.  760.     With  that  view,  the  measures  to  be  adopted 
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are  nearly  the  8ame  with  those  already  described  under  the-head  of 
Improvements  of  River- Channels,  Article  470,  p.  711,  with  the 
addition  that  the  space  which  at  each  tide  is  filled  and  emptied  is 
to  be  kept  as  large  as  possible.  For  the  purpose  of  concentrating 
the  latter  portions  of  the  ebbing  current  upon  the  deep-water- 
channel,  training-di/kes  may  be  required.  That  these  may  not 
diminish  the  quantity  of  scouring- water,  they  should  rise  but  little, 
if  at  all,  above  low- water  mark  of  ordinary  spring-tides,  their  posi- 
tion being  marked  by  means  of  rows  of  beacons. 

Should  bulwarks  or  quays  be  erected,  they  should  either  be  so 
placed  that  the  area  which  they  cut  off  by  contracting  wide  places 
may  be  compensated  for  by  widening  nan'ow  places,  or  that  the 
space  which  they  cut  off  may  be  compensated  for  by  deepening 
that  part  of  the  space  in  front  of  them  which  is  above  low-water- 
mark. 

The  most  important  effect  of  making  a  deep,  direct,  and  regular 
channel  for  a  tidal  river  consists  in  the  increase  in  the  extent  of  rise 
and  fall  of  the  tide,  and  the  diminution  of  that  steepening  action  of 
a  shallow  channel  on  the  front  of  the  tide- wave  which  has  been 
described  in  Article  516,  p.  758. 

In  order  to  increase  the  depth  over  a  bar,  piers  or  breakwaters 
must  be  carried  out  so  as  to  concentrate  the  current  over  it,  and  it 
is  best,  if  possible,  to  make  the  space  between  those  piers  uriden  in- 
uxirdSf  in  order  both  to  hold  scourage- water  and  to  serve  as  a  "  wave- 
trap,"  or  space  for  storm-waves  which  roll  in  at  the  entrance  to 
spread  and  expend  themselves  in.  When  there  is  only  one  pier,  it 
should  run  from  the  up-stream  comer  of  the  entrance,  for  the  reason 
explained  in  Article  521,  p.  762,  observing  that  in  deciding  which  is 
the  up-streatn  comer,  regaM  must  be  had  to  the  flood-current  along 
the  shore,  in  case,  through  the  action  of  headlands,  its  direction 
should  be  different  from  that  of  the  flood-current  in  the  open 
fea. 

The  bar  may  thus  be  swept  into  deeper  water,  although  it  is  in 
general  impossible  to  remove  it  altogether. 

524.  A  8c«iiriMs-Basia  is  a  reservoir  by  means  of  which  the  tidal 
water  is  stored  up  to  a  certain  level,  and  let  out  through  sluices,  in 
a  rapid  sti^eam,  for  a  few  minutes  at  low-water,  to  scour  a  channel 
and  its  bar.  The  outlets  of  the  basin  should  fiice  as  nearly  as  pos- 
sible directly  along  the  channel  to  be  scoured ;  they  should  be 
distributed  throughout  its  whole  cross-section,  that  they  may  pro- 
duce an  uniform  steady  current  in  it  like  a  river,  and  may  not 
concentrate  their  action  on  a  few  spots.  To  carry  away  gravel  and 
large  shingle,  the  scouring  stream  should  flow  at  4  or  5  feet  per 
second,  and  the  dimensions  of  the  outlets  should  be  regulated 
accordingly.     One  of  the  best  examples  of  such  an  arrangement  ii 
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at  the  sontli  entraDce  of  the  harboar  of  Sunderland,  described  bj 
the  engineer,  Mr.  Mnrraj,  in  the  Proceedings  of  the  Institution  of 
Civil  Engineers  for  1856.  The  current  is  let  out  for  15  minutes  at 
low- water;  it  runs  at  about  5  feet  per  second,  and  is  sensible  in  the 
sea  2,000  yards  off,  although  it  is  confined  by  piers  for  350  yards 
only. 

525.  Qaays  of  masonry  are  to  be  regarded  as  a  class  of  retaining 
walls,  the  stability  of  which  has  been  treated  of  in  Articles  265  to 
269,  pp.  401  to  408,  and  their  construction  in  Articles  271,  272, 
pp.  409  to  411.  Their  ordinary  thickness  at  the  base  is  from  ^  to  ^ 
of  their  height.  When  founded  on  pHes,  the  timber^ work  should 
be  always  immersed.  (See  Part  IL,  Chapter  YL,  Section  IL,  p. 
601.)  The  face  of  a  stone  quay  is  usually  protected  against  being 
damaged  by  vessels  by  means  of  a  network  of  upright  fender-piles 
and  horizontal  ^09u/er-toa^. 

As  to  timber  and  iron  quays,  see  Article  469,  p.  710,  and  the 
other  articles  there  referred  to. 

The  inner  side  of  a  breakwater  may  form  a  quay,  as  already 
mentioned. 

526.  Picn  of  masonry  running  out  into  the  sea  are  to  be  regarded 
as  upright  breakwaters  combined  with  quays,  and  require  here  no 
additional  explanation.  Those  of  timber  and  iron  are  best  formed 
of  a  skeleton  framework,  supported  by  screw-piles.  A  timber 
skeleton-pier  is  often  combined  with  a  loose  stone  breakwater,  in 
which  the  lower  parts  of  the  posts  are  imbedded. 

527.  Bastais  nad  D«cks. — A  deep-waier-hasin  is  a  reservoir  sur^ 
rounded  by  quay-walls,  in  which  the  water  is  retained  when  the 
tide  falls  below  a  certain  level  (usually  somewhat  above  half-tide) 
by  a  pair  of  lock-gates  opening  inwards,  of  sufficient  size  and 
strength.  Should  the  entrance  be  exposed  to  waves,  a  |)air  of  seor 
gcUeSf  or  gates  opening  outwards,  are  also  required,  to  be  closed 
during  storms.  A  deep-water-basin  may  also  be  used  as  a  scou  ring- 
basin.     (Article  524,  p.  764.) 

A  dock  differs  from  a  basin  in  having  a  lock  at  its  entrance, 
through  which  ships  can  pass  in  all  states  of  the  tide.  (As  to 
locks,  see  Article  506,  p.  746.)  A  harbour-lock,  like  a  river-lock, 
has  no  lift-wall.  In  order  that  vessels  may  pass  easily  in  and 
out,  the  entrances  of  docks  from  a  river-channel  should  slant 
up-stream  as  regards  t/ie  ehb-current 

One  of  the  best  forms  of  gate  for  basins  and  docks  is  a  caisson- 
gale,  being  a  water-tight  vessel  of  plate-iron,  which  can  be  floated 
to  or  from  its  seat  in  the  masonry  of  the  enti*ance,  being  placed  in 
a  recess  when  open.  When  closed  it  is  sunk  by  loading  it  with 
water,  which  is  run  into  a  tank  on  the  top  of  the  caisson.  In 
order  to  open  it,  it  is  floated  by  emptying  that  tank. 
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It  is  often  oonvenient,  when  practicable,  to  conduct  a  snpply  of 
fresh  water  into  basins  or  docks,  care  being  taken  that  such 
supply  is  pure. 

52S,  liiglMb^MM^-— The  principles  which  r^ulate  the  placing  and 
illuminating  of  lighthouses  form  a  subject  which  can  be  fully  oon> 
sidered  in  a  special  treatise  only,  such  as  that  by  Mr.  Thomss 
Stevenson.  When  a  lighthouse  is  exposed  to  the  waves,  it  may  be 
either  a  I'ound  tower  of  masonry,  built  of  hewn  stones,  dove-tailed, 
tabled,  and  dowelled  to  each  oUier,  as  described  in  Article  412,  p 
618,  solid  up  to  the  level  of  high-water  of  spring  tides,  and  as  much 
higher  as  ordinary  waves  ri^,  and  high  enough  in  all  to  keep  the 
lantern  clear  of  the  highest  breaking  and  reflected  storm-wav^, 
with  an  overhanging  curved  cornice  to  throw  their  crests  back ;  or 
it  may  consist  of  a  ^eleton  frame  of  screw-piles  and  diagonal  brac- 
ing, supporting  a  timber  or  iron  house  and  platform ;  and  in  this 
Ciuse  the  platform  needs  only  to  be  high  enough  to  clear  the  tops  of 
the  natural  unreflected  waves.  On  the  subject  of  the  strength  and 
stability  of  fL-ames  supported  on  screw-piles,  see  Article  403,  p.  605. 
In  designing  the  frame  of  a  lighthouse  to  be  supported  on  Uiem, 
regard  must  be  had  to  the  pressure  of  the  wind,  whose  greatest 
recorded  intensity,  in  Britain,  is  55  lbs.  per  square  foot  of  a  flat 
surface,  and  about  one-half  of  that  intensity  per  square  foot  of  the 
plane  projection  of  a  cylindrical  surface.  (See  8meaton*s  works; 
Stevenson  On  the  Bell  Rock  Lighthouse;  Mr.  Thos.  Stevenson's 
treatise  On  LightJumaee;  and  Mr.  Mitchell's  '^  Account  of  Light- 
houses on  Screw-Piles,"  in  the  FroceecUnff9  of  the  htalikUion  of 
CivU  Engineers  for  1848.) 
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Table  of  the  Eesistakce  of  Materials  to  Stbetchino  akd 
Teabikq  bt  a  Dibect  Pull,  in  pounds  cwoirdupais  per  square 
inch, 

T«,.^*.  Modulus  of 

Materials.  orResUtoncato      orResista^to 

Tewing.  Stretching. 

Stones,  Natural  and  Artificial  : 

^mt,} 380  to  300 

Glass, 9)400  8,000,000 

Slate, ■(,     9.600        13,000,000 

'  (to  12,800    to  16,000,000 

Mortar,  ordmary, 50 

Metals: 

Brass,  cast, 18,000  9,170,000 

„      wire, 49,000  14,230,000 

Bronze  or  Gun  Metal  (Copper  8. )  >■ 

Tin  i), ...........!  /  3^'°^  9f9^o,ooo 

Copper,  cast, 19,000 

„       sheet, 30,000 

„       bolts, 36,000 

„       "wire, 60,000         17,000,000 

Iron,  cast,  yarious  qualities, -!  .    ^X'^^s^    +>.  «1'^^J^^^ 

'        '  *  '  (to  29,000    to  22,900,000 

„        average, 16,500         17,000,000 

Iron,  wrought,  plates, 51,000 

„       joints,  double  riyetted,  359?  00 

„  f,       single  rivetted,  28,600 

„        bars  and  bolts, {to  70^000}      ^P.ooo.ooo 

„       hoop,  best-best, 64,000 

f        70,000 1 

»        ^ itoioo;ooo;      ^5,300,000 

„        wire-ropes, 90,000         15,000,000 

Lead,  sheets 3>3oo  720,000 

Steel  bare  I        100,000         29,000,000 

' I  to  130,000  to  42,000,000 

Steel  plates,  average, 80,000 

Tin,  cast, 4,600 

Zinc, 7,000  to  8,000 
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Tearing. 

Timber  ahd  otheb  ORGAinc  Fibrb: 

Acada,  Mse.  See  '*  Locust  ** 

Ash  (Fraxinus  excdsior)^ 

Bamboo  (^am6tMa  armuiiTujuxa), 

Beech  {Fa^us  gylvatica), 

Birch  {BetiUa  cUba)f 

Box  (nttxus  sempervirena), 

Cedar  of  Ijehaaon{Cedrual,ib<m{), 

Chestnut  {Ccuianea  Vesoa), <  . 

Elm  {Ulmua  campestris^ 

Fir :  Red  Pine  {Pinua  sylvestris),      <  . 
„    Spruce  {Abies  exceUa), 

,,    Larch  {Larix  Europeea), <  . 

13AwiJioni{CratcBgu80xy(»carUh4i\ 

Hazel  {Corylua  Avdkma), 

Hempen  Cables, ,, 

Holly  {Hex  AqtUfolium), 

Hornbeam  {Carpinua  Bettdtu), . . . 
Laburnum  {Oytisus  Ldburnvan^ 
Lancewood  {puaUeria  virgata\ 
Lignum-YitiB  {Gvaiacum  offici-  \ 

nale)j J 

Locust  {Robinia  Fsaudo-AccKna), 

M&kogaoij  {Swietenia  Mahctgoni),      <  x^ 

Maple  (A  cer  camjpestris), 

Oak,  European  {Quercus  sessilir      ( 

JloraBJidQuercua pedunculata),      \  to 
„     American    Bed     {Qtiercua) 

ruhrdSf j 

Poplar  (PoptiZtw  aZ6a), 7,200 

SyceimoTe{AcerPseiuIO'Pl€UantL8\f  13,000 

Teak,  Indian  {Teclona  grandis),  15,000 

„      African,  (?) 21,000 

Whalebone, 7>7oo 

Ygw  {Taacua  baccala), 8,000 


If odnlns  of 

Elastidtj, 

or  ResisUDoet* 

Stretching. 


ito 


i,6oOy00o 

1,350,000 
1,645,000 

486,000 
1,140,000 


17,000 
6,300 
11,500 
15,000 
20,000 
11,400 
10,000 
i3»ooo 

14,000 
12,000 
14,000   to 

12,400  ( to 
9,000 
10,000   to 

10,500 

18,000 

5,600 

16,000 
30,000 
10,500 

23,400 

11,800 

16,000 
8,000 ) 
21,800/ 
10,600 

z  0,000    1,200,000 
19,800   to  1,750,000 


700,000 

1,340,000 

1,460,000 
1,900,000 
1,400,000 
1,800,000 
900,000 
1,360,000 


1,255,000 


10,250 


2,150,000 

1,130,000 
1,040,000 
2,400,000 
2,300,000 
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n. 

Table  of  the  Resistaitce  of  Matekials  to  SHSAsma  and 
DiSTOBTioir^  in  pounds  a/vcirdupois  per  squa/re  inch. 

_,   ,  .  Tntnsversd 

Beartance  EUstidty, 

Matkbuls.                                       t<f  ^,  Resistance  to 

MSTALS:                                                                   Sheanng.  Difltortion. 

Brass,  wire-drawn, 6)330>ooo 

Copper, 6,200,000 

Iron,  cast, 27,700        2,850,000 

,  ^  -           f     8,500,000 

»    -''^e^^ 50,000 1  ^^  ^2^^^^ 

Timber: 

Fir:  Ked  Pine, 5ooto    800 

„      Spruce, 600 

„      llut^h, 970  to  1,700 

Oak,  Britiah, 2,300 

Poplar, 1,800 


III. 

Table  of  the  Besistance  of  Materials  to  CRusHmo  bt  a 

DiREcr  Thrust,  in  pcmnds  cnmrdiipoU  per  8g[ucbre  inch. 

Begistance 
Matsbiaub.  to 

Cnuhing. 

Stones,  Natural  and  Artzfioial: 

Brick,  weak  red, 550  to  800 

„      strong  red, 1,100 

„      fire, Ij7oo 

Chalk, 330 

Granite, 5j5oo  to  11,000 

Limestone,  marble, 5>5oo 

„          grantdar, 4,000  to  4,500 

Sandstone,  strong, 5>5<)0 

„         ordinary, 3,300  to  4,400 

„         weak, 2,200 

Bubble  masonry,  about  four-tenths  of  cut  stone. 

Metaus: 

Brass,  cast, 10,300 

Iron,  cast,  various  qualities, 82,000  to  145,000 

„      „     average, 112,000 

„    wrought, about  36,000  to    40,000 

3d 


770 


to 


TmBKBy*  Dry,  cnnihed  along  the  gnin: 

Aah, 9,000 

Beech, * 9,360 

Biroh, 6,400 

Blue-Gum  {EuoalypkL8  Gl6buLu8\ 8,800 

Box, 10,300 

BuUet-tree  {Aehraa  Sideroxylon), 149O00 

Oabacalli, 9>9oo 

Cedar  of  Lebanon, 5,860 

Ebonj,  West  Indian  {Brya  Ebemui), 19,000 

Elm, 10,300 

Kr:  Red  Pine, 5,375  to  6,200 

y,     AmencanYellowPme(Ptnitf«ar£(i5t^ii9),  5}40o 

„     lAPch, 5,570 

Hornbeam, 79300 

Lignum- Yite, 9)900 

M&h<^;an7, 8,200 

Mora  {Mora  exoeUa), 9}9oo 

Oak,  British, 10,000 

„     Dantxic, 7*700 

„     American  Bed, 6,000 

Teak,  Lidian, 12,000 

WB^et^xaa  {TrittomM  nertfdia), 11,000 


IV. 

Table  of  the  Rssbistakce  of  Materials  to  BBBAxizra  Agboss, 

inpounda  awjirdupois  per  9qfiare  inc^ 

*         Besistanoe  to  Braking, 
Matkbiau.  or 

Modulus  of  Biiptiire.f 
fimUIJEB : 

Sandstone, 1,100  to  2,360 

Slate, : 5,000 

*  Hit  ndstanoes  stated  are  for  dry  timber.  Green  timber  is  nmoh  weak«,  hsnag 
sometimes  odIt  half  the  stren^  of  diy  timber  against  cnuhiDjg. 

f  The  moduiis  of  ruptnre  is  eighteen  times  the  load  wbidi  is  leanired  to  break  a  (tsr 
of  one  inch  s^oare,  supported  at  two  points  ods  foot  apart,  flund  loaded  in  the  middb 
bstveen  the  pooitsof  snppoKt» 
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Bedtlaiioe  to  Breaking, 
MATKSEAX&  or 

Modalns  of  Rapture. 

Metau: 

Iron^  cast,  open-work  beama,  aVeiage, 1^,000 

„       „    Bolid  rectaiigular  bars,  -var.  qnalitieB,  33,000  to  43,500 

M       M  »  M  average^ 40,000 

„     'wrought,  plate  beams, 42,000 

Tebcbeb:  . 

Aah, 12,000  to  14,000 

Beech, 9,000  to  12,000 

Birch, 11,700 

Blue-Gmn, 16,000  to  20,000 

Bullet-tree, 15,900  to  22,000 

Cabacalli, 15,000  to  16,000 

Cedar  of  Lebanon, 7>400 

Chestnut, 10,660 

Cowrie  0amma/ra  oMsiralis), 11,000 

Ebony,  West  Indian, 27,000 

Elm, 6,000  to    9,700 

Kr:  Red  Pine, 7,100  to    9,540 

„     Spruce, 9,900  to  12,300 

„     Larch, 5,000  to  10,000 

Greenheart  (Ifedcmiira  Eodian), 16,500  to  27,500 

Lancewood, i7j35o 

Lignum- Vita, 12,000 

Locust^ 11,200 

Mahogany,  Honduras, 11,500 

„         Spanish, 7,600 

Mora, 22,000 

Oak,  British  and  Bussian, 10,000  to  13,600 

„    Dantzic, 8,700 

„     American  Bed, 10,600 

Boon, 13j30«> 

Poplar,  Abele, 10,260 

Sycamore, 9,600 

Teak,  Indian, 147770 

„     African, 14,980 

Tonka  (Dipteryx  odarata), 32,000 

"Water-Gum, 17,460 

WiUow  (SaUx,  various  spedes), 6,600 


n 
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Table  of  Spwcutio  Gbayities  of  Materials. 

Weight  of  a  cabio 
Gases,  at  32    Fahr.,  and  under  the  pressure  of  one       foot  in 
atmosphere,  of  2116*4  lb.  on  ^e  square  foot:         ^^  avoirdupoia. 

Air, 0*080728 

Carbonic  Acid,  0*12344 

Hydrogen, 0005592 

Oxygen, 0*089256 

Nitrogen, ; 0*078596 

Steam  (ideal), 0*05022 

-^ther  vapour  (ideal), 0*2093 

Bisulphuret-of-carbon  vapour  (ideal), 0*2 1 37 

Olefiant  gas, 0*0795 

Weight  of  a  caUo  Spedfic 

foot  in  gravity, 

lb.  avoirdapoia.         pure  water  =  1. 

Liquids  at  32®  Fahr.  (except  Water, 
which  is  taken  at  39^*4  Fahr.): 

Water,  pure,  at  39°*4, 62 -425  i  'ooo 

„       sea,  ordinary, 64*05  1*026 

Alcohol,  pure, 49*38  0*791 

„        proof  spirit, 57*18  0*916 

-^ther, 44*70  0*716 

Mercury, 848*75  i3*59^ 

Naphtha, 52'94  0*848 

Oil,  linseed, 58*68  0*940 

w    olive, 57*12  0*915 

„    whale, 57*62  0*923 

„    of  turpentine, 54*3^  0*870 

Petroleum, 54'8i  0*878 

SouD  Mineral  Substances,  non-metallic: 

Basalt, i87'3  3'oo 

Brick, 125  to  135  2  to  2*167 

Brickwork, 112  i*8 

Chalk, 117  to  174  1-87  to  2*78 

Clay, 120  1*92 

Coid,  anthracite, 100  1*602 

„     bituminous, 77*4to89*9  1*24  to  1*44 

Coke, 62*43  *o  103*6  i*oo  to  1*66 

Felspar, 162*3  2*6 

Flint, 164*3  3*63 
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Weightofaeobio  Speofie 

foot  in  gnvifyi 
Ih.  avoirdapoi&          purBwiteraBl. 

BouD  MissBAL  SuBerrANCES — eoftOKMud. 

OlasBy  crowziy  avetage, 156  2-5 

„      green,       „         169  27 

„      plate,       „         < 169  27 

Granite, 164  to  172  2-63  to  276 

Gypsam, 143-6  23 

Limestone  (including  marble),..  169  to  175  27  to  2*8 

19         magneaian, 178  2-86 

Marl, 100  to  119  i-fi  to  i'9 

Masoniy, 116  to  144  1-85  to  2'^ 

Mortar, 109  175 

Mud, 102  1-63 

QnartK, 165  2-65 

Sand  (damp), 118  1*9 

„     (dry), 88-6  1-42 

Sandstone,  average, 144  2*3 

„         various  kinds,. 130  to  157  2-08  to  2-52 

Shale, 162  2*6 

Slate, 175  to  181  2-8  to  2-9 

Trap, 170  272 

Mktaub,  solid: 

Brass,  cast^ 487  to  524*4  7*8  to  84 

,,     wire, 533  854 

Bronze, 524  8*4 

Oopper,  cast, 537  8'6 

„       sheet, 549  8*8 

„       hammered, 556  8*9 

Ck>ld, ii86toi224  i9toi9*6 

Iron,  cast,  various, 434  to  456  6*95  to  7-3 

„        average, 444  711 

Iron,  wrought,  various, 474  to  487  7^  to  7*8 

„               average, 480  7-69 

Lead, 712  11*4 

Platinum, 1311  to  1373  ai  to  22 

Silver, 655  10*5 

Steel, 487  to  493  7*8  to  7*9 

Tin, 456  to  468  73  to  7*5 

Zinc, 424  to  449  6*8  to  7-2 
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ofaeobio  Spedfio 

__              _  fbotm  gntity, 

XXICBBR  :*  IK  a^oizdiipois.  pore  wmter  al. 

Ash, 47  <>753 

Bamboo^ 25  0-4 

Beech, 43  0*69 

Biich, 44*4  0711 

Blue-Gtum, 52-5  0843 

Box, 60  096 

Bullet-tree, 65-3  1-046 

CalMuadli, 66-a  0*9 

Cedar  of  Lebanon, 30*4  0*486 

Chestnut, 33-4  o*53S 

Cowrie, 36a  0579 

Ebony,  West  Indian, 74*6  ^"'93 

Elm, 34  0544 

Kr:  Red  Pine, 30  to  44  0*48  to  07 

„      Spruce, 30  to  44  0-48  to  0-7 

„      American  Yellow  Pine,...  29  0*46 

„      Larch, 31  *<>  35  0*5  to  056 

Greenheart, 62-5  I'ooi 

Hawthorn, 57  ^'9^ 

Hazel, 54  ^'^ 

HoUy, 47  o'7^ 

Hornbeam, 47  0*76 

Laburnum, 57  0-92 

Lancewood, 42  to  63      0-675  to  i-oi 

LarcL     See^Eir.** 

Lignum-VitsB, 41  to  83  065  to  i'33 

Locust, 44  0*71 

Mah<^;an7,  Honduras, 35  0*56 

„          Spanish, 53  085 

Maple, 49  ^79 

Mora, 57  o'9« 

Oak,  European, 43  to  62  0*69  to  099 

„     American  Bed, 54  O'Si 

Poon, 3^  0-58 

Poplar  (Abele), 32  o'Si 

Sycamore, 37  0-59 

Teak,  Indian, 41  o"^^ 

„     A&ican, 6i  0-98 

Tonka, 62  to  66  0*99  to  i'o6 

Water-Gum, 62-5  looi 

Willow,., 25  04 

Yew, 50  08 

*  The  Timber  in  eveiy  caae  is  nippoied  to  be  diy. 


TABLE  OF  8QUAB18 

AJS[D   HFTH  P0WEB8. 

Squn. 

Fifth  Powv. 

Sqnaie. 

FUlli  Pover. 

lO 

I  00 

I  00000 

55 

3025 

5032  84375 

II 

I  21 

I  61051 

56 

3136 

5507  31776 

12 

144 

a  48832 

57 

3249 

601692057 

13 

I  69 

3  7"93 

58 

3364 

6563  56768 

14 

I  g6 

5  37824 

59 

3481 

7149  24299 

15 

225 

7  59375 

60 

3600 

7776  00000 

16 

a5<> 

10  48576 

61 

3721 

8445  96301 

17 

289 

14  19857 

62 

•3844 

9161  32832 

18 

3*4 

18  89568 

63 

3969 

9924  36543 

19 

3<5i 

24  76099 

64 

4096 

10737  4^824 

20 

400 

32  00000 

65 

4225 

1 1602  90625 

21 

441 

40  84101 

66 

4356 

12523  32576 

22 

484 

51  53632 

67 

4489 

I3501  25107 

as 

529 

64  36343 

68 

4624 

1453933568 

34 

576 

79  62624 

69 

4761 

15640  31349 

as 

625 

97  65625 

70 

4900 

16807  00000 

26 

676 

118  81376 

71 

5041 

18042  29351 

27 

729 

143  48907 

72 

5184 

19349  17632 

28 

784 

172  10368 

73 

5329 

2073071593 

39 

841 

205  1 1 149 

74 

5476 

2219006624 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

961 

286  29151 

76 

5776 

25355  25376 

32 

1024 

335  54432 

77 

5929 

27067  84157 

33 

1089 

391  35393 

78 

6084 

2887174368 

34 

II  56 

454  35424 

79 

62  41 

30770  56399 

35 

1225 

52521875 

80 

6400 

32768  00000 

36 

12  96 

604  66176 

81 

6561 

34867  84401 

37 

1369 

693  43957 

82 

6724 

37073  98439 

38 

1444 

79235168 

83 

6889 

39390  40643 

39 

1521 

902  24199 

84 

7056 

41821  19424 

40 

1600 

1024  00000 

85 

7225 

4437053^5 

41 

16  81 

1158  56201 

86 

7396 

47042  70176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

147008443 

88 

77  44 

52773  I9168 

44 

1936 

1649  16224 

89 

7921 

55840  59449 

45 

2025 

1845  28125 

90 

81  00 

59049  00000 

46 

21  16 

2059  62976 

91 

8281 

62403  21451 

47 

2209 

2293  45007 

92 

8464 

65908  15232 

48 

2304 

2548  03968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

3125  00000 

95 

9025 

77378  09375 

51 

2601 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

91 

9409 

85873  40257 

53 

28  09 

41 81  95493 

98 

9604 

90392  07968 

54 

29  16 

4591  65024 

99 

9801 

95099  00499 

INDEX. 


ABunfiorrs,  896,  427. 
Angles,  measmement  of  (see.  Theodolite, 
Sextant). 

plotting,  74. 

redoction  of;  to  the  centre,  128. 
Aqneducts  for  water  supply,  720,  722. 

for  canals,  744. 
Arches,  abatments  o^  427. 

catenarian,  195,  200,  418. 

centres  of,  415,  485. 

cixxmlar,  203,  422. 

depth  of  keystones  of,  425. 

elliptic,  204,  420. 

geostatic,  .209,  420. 

hydrosUtic,  208,  419. 

iron  braced,  565. 

Unear,  202,  218. 

of  brick,  415. 

of  stone,  413. 

piers  o(;  428. 

plain  iron,  538. 

pouted,  218. 

skew,  429. 

stability  of  stone  and  brick,  416,  421. 

strength  of,  296,  482,  481,  588,  565. 

strength  of  stone  and  brick,  432. 

timber,  481. 
Archways,  underground,  433. 
Areas,  to  measure,  83. 
Asphalt,  876. 
Aaphaltic  payements,  630. 

Baccwatbb  from  a  weir,  689. 

Balance  of  forces,  133. 

Ballast,  railway,  663. 

Bar  of  a  harbour,  formation  of,  759. 

scouring  0^  764. 
Barometer,  levelling  by,  91. 
Barrow,  386. 
Basalt,  356. 
Base  of  surrey,  13, 18,  68. 

to  measure,  by  latitudes,  zri. 
Basin,  distributing,  738. 

deep  water,  765. 


Basin,  scouring,  765. 
Bays,  tides  in,  757. 
Beams  (see  also  Girders). 

action  of  load  on,  239. 

allowance  for  weight  of,  261. 

cast  iron,  257,  261,  263,  524. 

cross-sections  of  equal  strength  for,  256. 

continuous  over  piers,  287. 

deflection  of,  268. 

effect  of  twisting  on,  280. 

expansion  and  contraction  of^  281. 

fixed  at  the  ends,  282. 

limiting  length  of,  261. 

of  timber,  lengthened,  456 ;  built,  463. 

of  uniform  strength,  259. 

process  of  designing,  276. 

proportion  of  depth  to  span  of,  275. 

resOienoe  oi^  278. 

shearing  stress  in,  266. 

slopuig,  292. 

stifibeas  of;  268. 

strength  of,  249,  294. 

suddmi  load  on,  278. 

to  deduce  stress  from  deflection,  296. 

travelling  load  on,  247. 

wrought  iron,  268,  265,  526. 
Bench,  in  earthwork,  or  Berm,  339. 

marks,  15. 
Beton  (see  Concrete). 
Bituminous  cement  and  concrete,  376. 
Blasting  (see  Rock). 
Blocks,  sUbility  of,  218. 
Boiling  point  of  water,  levelling  by,  93. 
Boring  tools,  832. 
Borings,  10,  331. 
Bracing  of  frames,  181. 
Brakes,  railway,  644. 
Brass,  586. 

Breakwaters,  762,  766. 
Bricks,  clay  for,  363. 

characteristics  of  good,  866. 

expansion  of;  by  heat,  867. 

manufacture  of,  365. 
Brickwork,  constroctioia  o^  893. 
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Bridnroric,  laboor  of,  895: 

raeosantioii  d,  d9& 

•tabilityoi;  896. 

■trength  oi;  866. 
Bridg«8,  eaiul,  668,  744 

ftmmfaig  ci,  475. 

Iitm,  581,  542,  548,  563,  565,  570, 
678,  588. 

lotd  on  pktfoim  of^  466. 

moTMUe,  745. 

over  rivora,  717. 

nUway,  668. 

stone  and  briok  (aee  Anhes). 

timber,  465,  476. 

timber  arefaed,  481. 
Bronze,  585. 
Bulwaito,aee,760. 
Baqys,  in  marine  surveying,  117. 
BattNMes,  aUbility  oi;  896. 

Caxsboh,  61L 

gate,!. 
Canala,  bridges  c^  668, 744. 

classes  U,  742. 

oonstmetioii  of,  748. 

crossed  by  railwaya,  668. 

dimensions  of^  742. 

lifts  and  indinad  pUnea  on,  749. 

locks  of;  746. 

tnnnds  of,  745. 

water  supply  of^  750. 
Carpentry,  487  (sse  also  TImber> 

futenings,  458. 

ftmmes,  465. 

joints,  458. 
Catchment  (sse  Water  gathering^gronnd.) 
Catenarian  cnrves,  tables  of  co-ordinates 

oi;486. 
Catenaiy,  196. 

transformed,  200. 
Cementing  materials,  867. 
Cement  stones,  analysis  oi^  867. 

artificial,  872. 

mixed,  874. 

natural,  871. 

strength  of,  874. 
Centre  of  an  arch,  415,  485. 

of  gravity  (see  Gravity). 

of  pressure  (see  Pressnre). 
Chain  surveying,  18. 

balance  of  loaded,  185. 
Chairs,  665. 

Cbanneb  (see  Water-cbannels)^ 
Checking  levels,  15. 
Chhnite  slats^  857. 


Cbde,  Tsdeetiiig,  66. 
Clay  in  brkka,  868. 
Clay  puddle,  844. 

alatB,859. 
Gofltasdama,  611. 
Compass,  use  o^  67. 
Compensation  watar  (see  Watarji 
Conorate,  composition  d^  873. 

strength  c^  874. 
CoDdnila  (sse  Water  ooiidmts> 
Contoar-lhies,  96. 
Coppeiv  468,  586. 
Couples  of  foross,  189. 
Ciib^woik,  614. 
Cross  seetions,  6,  7,  97,  708. 
Culverts,  stone  and  brick,  438,  705, 729. 

embanking  over,  841. 
Currents,  tidal,  measunment  cd^  124. 
Curvatnrs  of  the  earth,  87. 
Curves,  setting  oat,  101,  661. 

on  railways,  648. 
Cuttings,  835  (sse  EaithwQrk> 

Damb,  611  (see  also  WeiEB> 
Datum,  2, 14,  117. 
Deviation,  powers  of,  11,  658b 
Diving  apparatus,  616. 
Dip  of  horizon,  124. 
Docks,  765. 

Ddomice,    855    (see    Mi^gnssian  lime- 
atone). 
Dndn  pipes,  720,  729. 
Draini^  area  (see  Water). 
Dndnage  of  earthworic,  884,  835. 
Dninage  of  the  osuntzy,  724. 

of  towns,  728. 
Dredging,  614. 
Drifts  or  mines,  594. 
Dykes,  sea,  760. 

Eabth,  adherion  o^  815. 

dimensioos  of  the,  2,  46. 

heaviness  of;  817. 

natural  sbpe  of,  316. 

pposDure  oi;  821. 

theory  of  the  stability  of;  818. 
Earth-wagons,  A8. 

Earthwork  815  (see  alw  Catting^  and 
Embankment). 

distribution  ci,  840. 

drshiage  of;  884,  842. 

equaliamg  o^  388. 

execution  of;  831. 

finishmg  slopes  ai,  844. 

labour  oi;  386. 
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Earthwori^  meosoratloB  ct,  824. 

pravention  of  alips  in,  889. 

Mtting-<Nit|  118. 

8trcn^  and  stability  ol^  815. 

temponuy  feocizi^  o^  888» 

under  water,  614. 
Eidograph,  127. 
Elasticity  of  solids,  225. 
Embankments     (see    Earthwork,    and 
Dykes). 

drainage  ot,  842. 

execution  o^  840. 

for  drainage,  726. 

in  a  great  plain,  842. 

of  reservoin,  702. 

on  soft  ground,  848. 

settlement  of,  889. 

under  water,  617. 
Excavation  (see  Cutting). 

under  water,  614. 
Exploring,  9. 

Factobs  of  safety,  222. 
Features  of  the  conntiy,  98. 
Fencing,  388. 
Field-book  of  survey,  80. 

of  levels,  89. 
Field-work,  engineering,  1. 

authorities  on,  180. 
Filters  (see  Water,  filtration  of  > 
floodgates,  716. 

Floods  of  streams,  696  (see  also  Dxalxiage). 
Flying  levels,  9,  98. 
Foundations,  ordinary,  877. 

by  caissons,  611. 

by  wells,  610. 

iron  tubular,  607. 

OD  piles,  602. 

timber  and  iron-cased  concrete,  606. 

timber,  iron,  andsubmeiged,  601. 
Frames,  balance  and  stability  o^  178. 

of  iron,  542. 

of  timber,  465. 
Friction  of  solids,  171;  of  earth,  816. 

of  water,  677. 

Gaps  in  station-lines,  to  measure,  25. 
Gates  of^ocks,  748. 

of  basins,  736. 
Gathering-ground  (see  Water). 
Geodesy,  engineering  (see  FSeld-work). 
Girder  (see  Beam). 

bowstring,  timber,  488 ;  iron,  662. 

iron  braced,  548. 

lattice,  480,  498,  558,  562. 


Girder,  timber  braced,  478. 

tubular,  581. 

zig-zag,  or  Wanen,  549. 
Gneiss,  856. 
Gradients,  ruling,  in  gaNral,  622. 

of  railways,  64L 

of  roads,  628. 
Granite,  855. 
Grauwacke  slate,  859. 
Gravity,  centre  of,  152. 

specific,  151. 
Greenstone,  856. 
Groins  in  river-cbnnnels,  711. 

on  the  coast,  760. 

HARBOUB-works,  762,  768. 
Headhigs,  594. 
Head  of  water,  672. 

loss  of;  674. 
Heaviness,  151  (see  also  Weight). 
Hill-shading,  96. 
Hornblende,  854. 

slate,  857. 
Horses,  power  of,  624,  687,  748,  752. 
Hydraulic  lime  (see  Lime). 

mean  depth,  678. 

mortar  (see  Mortar). 

pressure,  676. 
Hydraulics,  principles  of,  672. 
Hydrostatics,  principles  of^  164. 

Ibor  arched  ribs,  538. 
bars,  forms  of,  517. 
beams,  cast,  524. 
beams,  malleable,  526. 
bowstring  girder,  562.    • 
braced  arch,  565. 
braced  girders,  548. 
bridges,  581,  538,  542,  548,  578,  588. 
cast,  498. 

cast,  expansion  ci,  by  heat,  508. 
cast,  strength  oi^  499. 
castings,  502. 
chains,  519. 

corrosion  and  prsBervation  d,  514. 
fkstenings,  515. 
foundations,  601. 
frames,  542. 
impurities  o^  497, 
malleable,  508. 
malleable  and  steely,  stxength  o(  zv, 

509,  574,  587, 766. 
ores,  494. 
piere,  570. 
pipes,  721. 
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Iron  plAtfonoi,  542. 

reailjeooe  o<^  513. 

rooft,  546. 

■beet-piks,  606. 

Bteelj-,  XV,  507. 

atnogfth  of  weld  in,  520. 

•tints  and  pilkn,  cast,  620;  wrought, 
521. 

ties,  518. 

tabular  girders,  581. 

wirs  cables,  519. 

wrought  (see  Iron,  malleable). 
Irrigation,  780. 

Jumper,  832,  844. 

Lakb,  how  converted  into  a  reservoir,  707. 
Land-carriage,  lines  of^  in  general,  619. 
Latitude  of  a  place,  to  find,  129. 

length  of  a  noinute  of,  46. 
Lead,  468,  584. 
Length,  measores  of^  2. 
Level,  80. 

Level-book  of  woiking  aectioii.  111. 
Levelling,  1,  80,  85. 
.  by  the  barometer  and  thermometer, 
91. 

by  the  plane-table,  91. 

by  the  theodolite,  90. 

staff,  82. 
Levels,  flying,  9. 
Level  surface,  2. 
Lighthouses,  681,  766. 
Lime,  carbonate  of,  356,  859. 

hydraulic,  870. 

pure,  rich,  or  £st,  869. 
Limestone,  analysis  of^  867. 

compact,  359. 

crystalline,  859. 

granular,  860. 

magnesian  (see  Magneaian  limestone). 
Locks  of  canals,  746. 

of  docks,  765. 

of  rivers,  752. 
Locomotive  engines,  adhesion  ot,  680. 

power  exerted  by,  645. 

Maoicbsian  Umeatone,  855,  860. 
Marble,  359. 
Masonry,  349. 

anthorities  on,  436. 

built  under  water,  618. 

construction  of^  382. 

instruments  used  in  building,  891. 

labour  of,  889. 


Masonry,  nMosoraftkn  ol^  892. 

stability  o^  396. 
Measures  of  length,  2;  area,  4 ;  volnnie,  4. 

piessnre,  161,  672;  weight,  134. 

table  of  French  and  British,  772. 
Meridian,  to  find  the,  71. 

length  of  arcs  of,  46. 
Metals,  variooa,  584. 
Metallic  stmctares,  494. 
Mica-slate,  856. 
Mfaie-dust,  872. 
Mines  or  drifts,  594 
Mortar,  872. 

stroigth  ot,  874. 

Nails,  460. 

Kicking  out,  110. 

Notch-boards,  gauging  streams  by,  697. 

Notches,  discfauge  of  water  through,  68 1. 

Ofpsbts,  oblique,  28. 
OAet-staff,  21. 
Optical  square,  21. 
Ores  of  iron  (see  Iron  ore)). 

Paittoobaph,  125. 
Pavements  (see  Roads). 
Piers,  iron,  570. 

of  harbours,  765. 

of  river  bridges,  717. 

of  stone  arches,  428. 

timber,  488. 
Piles,  602;  disc,  618. 

screw,  572,  606. 

sheet,  605. 
Pipes  (see  Water-pipes). 
Pita  (see  Shaffai> 
Plan,  1, 18. 
Plane-table,  77,  91. 
Planlmeter  (see  Platometer). 
Plank  roads,  631. 
Plans,  copying,  125. 

engraving,  Uthographing,  and  print- 
ing, 125. 

enlarging  and  reducing,  126. 

scales  for,  4. 
Plaster,  878. 
Platforms,  iron,  546. 

of  railway  stations,  671. 

timber,  465. 
Platometer,  84. 
Plottbg  angles,  74. 

by  rectangular  co-ordinates,  76. 

chained  survey,  81. 

section,  90. 
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Porphyry,  868. 
PozzoUna,  872. 


.f  centre  of,  163. 

measares  of,  161,  672. 

of  fluids,  164. 

of  water,  672. 
PitjectioDB,  parallel,  149. 
Proof  strength,  228. 
Protractor,  74. 
Puddle  (see  Clay  pnddle). 

Qdabrtino  (see  Bock). 
Quartz,  858. 
Quays,  iron,  710. 

stone,  765. 

timber,  710. 

Rails,  665. 

Railways,  682  (see  also  Balla). 

action  of  brakes  on,  644. 

ballast  for,  668. 

best  positions  for  stations  on,  671. 

crossing  other  lines  of  oonyeyance,  658. 

ciiryes  on,  648. 

gradients  with  auxiliary  power  on,  645. 

junctions  and  connections  of,  669. 

laying  ont  and  formation  of,  656. 

power  exerted  by  locomotives  on,  645. 

resistance  of  vehicles  on,  682. 

mling  gradients  ol^  64L 

sleepers  for,  664. 

tractive  force  on,  685. 
Bain-fall,  692. 
Bain-gange,  695. 

l^£>f  °S  (fl^  Setting-oat). 
Bedaimingland,  762. 
Reconnaissance  (see  Kxplorin^ 
Befraction,  astronomical,  129. 

correction  of  levels  for,  87. 
B^gime  (see  Water-channel). 
Beservoirs,  appendages  <^  704. 

embankments  of^  702. 

lake,  707. 

sites  of,  701. 

store,  699. 

town  (see  Water-distribattng-basina). 

walls  of,  707. 
Besilienee,  226. 

of  beams,  278. 

of  iron  and  steel,  518. 
Retaining  walls,  construction  o^  409. 

stability  of,  401. 
Revdtoments,  iron,  710. 

stone  and  brick  (see  Retaining  walls). 

timber,  710. 


Bibs  (see  Arches). 

bent,  of  timber,  464. 
Bight  angle,  to  set  out,  22. 
Biver  bridges,  717. 

diversions,  718. 

embankments,  726. 

navigation,  752. 

protection  of  banks  fjiy  710. 

stability  of  a,  708. 

surveys,  707. 

tidal  channel  of,  758,  768. 

weirs,  718. 
Bivers,  improvements  of  channels  o(  711. 
Boads,628. 

asphaltio  pavement,  680. 

broken  stone,  626. 

crossed  by  railways,  668. 

laying  out  and  formation,  624. 

plank,  681. 

resistance  of  vehicles  on,  628. 

ruling  gradients  of,  628. 

stone  pavement,  628. ' 
Bock-cutting,  817,  844. 

blasting,  844. 

blasting  under  water,  616. 

boring,  344. 

foun(Utions,  877. 

heaviness  of,  848. 

quarrying,  844. 

tunndling  in  (see  Tunnel). 

(See  also  Stone.) 
Booft,  covering  of,  468. 

iron,  546. 

timber,  469. 

SAHD8To:nE,  357. 
Scales  for  plans,  4. 

for  sections,  7. 
Scouring  of  harbours,  768. 

basin,  765. 
Screw  piles,  672,  605. 
Sea  (see  Waves,  Tides,  and  Marine  sur- 
veying). 
Sea-defences,  760. 
Section,  1,  14. 

plotting,  90. 

scales  for,  7. 

working  (see  Working  section). 
Setting-oat  works,  1,  99. 

curves,  101. 

levels,  113. 

reservoir  embankments,  702. 

dopes  and  breadths,  11,  113. 

straight  lines,  99. 

tunnds,  114. 
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S«w«n,  628,  729. 
Sezttnt,  68. 

a^utiiMntt  ci,  6fi. 

taking  alUtodes  with,  124. 

UM  of;  66,  119. 
Shafts,  sinkiDg  o^  6A8. 

trial,  10,  881. 
Sheot-paes,  608. 
SignalB  in  torveying,  17. 
Slate,  chlorite,  867. 

day,  869. 

granwacke^  869. 

hornblende,  867. 

mica,  866. 
8oapBton^  867. 
Soandings,  121. 

Stability  and  atmgth,  mmmaiy  of  prin- 
ciples of,  129. 
stand-pipe,  786. 
Surs,  polar  distances  of;  78. 
Sution-pointer,  120. 
Sutions  of  rsilways,  671« 
Steel,  506. 

xwdlienoe  of,  518. 

strength  of;  xv,  509y  687. 
Stifihes^  224. 
Stones,  argiUaoeons,  86S. 

artiBdal,  868,  867. 

calcareous,  869. 

diemicsl  oonstttoenti  o^  861. 

expansion  o^  by  heat,  868. 

heaviness  ol^  848. 

mechanism  for  moving  large,  890. 

predominant  minerals  in,  868. 

preservation  of,  862. 

silioeoQS,  865. 

strength  of,  860. 

structure  of;  849. 

testing  durability  of,  86L 
Streams,  flow  of,  686,  690. 

floods  in,  696,  726. 

measurement  of;  696. 
Streets,  pavement  o^  628. 
Stiength  of  arches,  296,  482,  481,  588, 
565. 

against  shearing,  281. 

of  beams,  289,  249,  524  (see  Beams, 
Girders> 

of  bricks,  866. 

of  bridges  (see  Bridge). 

of  cast  iron,  499  (see  Iron,  cast). 

of  centres,  485. 

of  frames,  465,  542. 

of  hollow  cylinders,  227,  288. 

of  long  pillars  and  strata^  286,  620. 


Strength  of  materials  in  genarsl*  221. 

of  mortar,  cement,  and  eoocrele,  874. 

of  pipea,  227,  721. 

of  platforms,  466,  548. 

of  short  pillara  and  stmts,  282. 

of  spheriosl  shells,  228. 

of  stones,  860. 

ofties,226,  618. 

of  timber,  460,  492  (see  Timb«> 

of  wrought  inn  and  atael,  zv,  609, 
687,  766  (see  Iron). 
Stress,  measures  ol^  161. 

of  solids,  166. 
Survey,  order  of  operatioBS  in,  11. 

trij^ometrical,  68. 
Surveying,  1, 8. 

marine,  117. 

water-channels,  707. 

water-gatliering-gronnda,  €93. 

with  angular  instrumental  86w 

with  the  chain,  17. 
Suspension  aqueduct,  744. 

bridge,  188,  678. 
Syenite,  855. 

Talo,  867. 
Theodolite,  68. 

adjustments  of;  68. 
Tidal  channels,  758. 
Tide-gauges,  118. 

Tides,  action  o^  on  coasts  and  harimin^ 
759. 

description  of;  756. 
Tie-line  in  surveying,  24. 
Ties,  strength  oi;  226,  618. 
Timber,  487  (see  also  Gaipentiy). 

appearance  of  good,  441. 

bridges,  466, 476, 481. 

duralnUty  of;  449. 

examples  of;  442  to  446. 

fUiing,  447. 

preservation  of;  460. 

seasoning,  447. 

strength  of;  450. 
Tin,  585. 
Tramways,  682. 
Transformations  of  arches,  208. 

offerees,  149. 

of  fkrames,  199. 
Transit  instmmenti  99. 
Trap,  856. 
Traverser,  669. 

Traversing  survey,  12, 18,  70,  7& 
Trial-pits  (see  Fits). 
Trial-sectiona^  10. 
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TiiaoglflB,  Approximata  adntSoo  of  tpheii- 
cal,6I. 

solution  of  plane^  42. 

solotion  of  spherical,  46. 
THangolatloQ,  68. 
Trigonometriad  formal^,  smnmaiy  of|  86. 

survsyy  68* 
Trigonometry,  use  of^  9. 
Tnns  (see  IVame)u 
Tunnels,  uchiDg  of,  488. 

construction  of,  688. 

in  dry  and  solid  rock,  595. 

in  dry  fissured  rock,  696. 

in  mud,  599. 

in  soft  materials,  596. 

of  canals,  745. 

■etting-out,  114, 
Tnmtable,  670. 

YxADUoiB  (see  Bridges). 

Wabpimo  land,  768. 
WaterH^annela,  686,  690. 

channels,  stability  of,  708  (see  River). 

channels,  surveying  and  leTeUin^^  707. 

compensation,  782. 

conduits,  718. 

contraction  of  streams  of^  679. 

discharge  of,  from  orifioes,  notchfls,  and 
sluices,  681. 

distributing^basins,  788. 

distributing-pipes,  740. 

filtration  o^  788. 

Ibr  townsy  demand  ot,  780. 


Water,  ftiction  of;  677. 

gathering-groniid,  698. 

h^gfats  due  to  velocities  of;  676. 

level,  98. 

measurement  and  estimation  of;  692. 

meters,  699. 

pipea,  684. 

pipes,  cast  iron,  720. 

pipes,  earthen,  729. 

pumping  of,  728,  784. 

purity  ^  786. 

reservoirs,  691,  699. 

supply  fh>m  rivers,  784. 

supply  from  springs,  784. 

supply  fh>m  storage>woi^  788. 

supply  firom  wells,  786. 

supply  of  canals,  750. 

theory  of  the  flow  o^  672. 
Waves,  action  of,  756.   . 

motion  of,  758. 
Weight  of  bodies,  15L 

measures  of,  184. 

of  earth,  817. 

of  metals,  xv,  774. 

of  stones,  848,  774. 

of  timber,  775. 
Wein,  681,  689. 

in  rivers,  718. 
Whedbarrow,  886. 
Whinstone,  856. 
Wood  (see  Timber). 
Working  section  and Isvel-boak,  111. 

Zmo,  468,  585. 
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